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Preface

Autophagy has recently benefited from rapid research progress in the field, and this master
regulator of cell homeostasis is currently viewed as a valuable biomedical marker for a num‐
ber of physiological processes and pathological mechanisms underlying major diseases.

Autophagy is known to exert cytoprotection in different cellular contexts, and autophagy
induction generally prolongs life. Nevertheless, autophagy is necessary for tissue removal
and can trigger cell death in certain situations. These opposed cytoprotective and cell death
initiating roles, as well as tissue and time-dependent regulation of autophagy underscore
the complexity of the autophagy pathway, and the importance of elucidating the molecular
mechanisms controlling autophagy in cell survival and death. Based on the significant ef‐
fects of autophagy deficiency on the development and pathogenesis of several disorders in
animal models, recent research has yielded amazing results with autophagy-targeted phar‐
macological treatments of diseases. As recently stated by researchers in this field, the reality
of autophagy-targeted therapy is now closer than ever expected or predicted.

This book focuses on autophagy relationships with cell death and disease, highlighting the
most challenging aspects of current research, and the latest insights into the molecular
mechanisms underlying autophagy.

Recent years have seen a growing interest in the different routes to cell death. Although
apoptosis and autophagy have been previously considered as two different cell death path‐
ways, one currently envisions a continuum of cell death mechanisms because it is now rec‐
ognized that autophagy can induce apoptosis. Indeed, when the autolysosomal pathway is
deregulated, autophagy can lead to cell death, either as a precursor of apoptosis in apopto‐
sis-sensitive cells, or as a destructive cell digestion process. Whereas autophagy can selec‐
tively degrade survival factors and thereby initiate cell death, autophagy can also activate
apoptosis by selectively degrading apoptotic inhibitors. This novel idea that autophagy
comes into play in the balance between survival and death has major implications in the
design of strategies for counteracting the pathophysiological processes. Further understand‐
ing of how autophagy is regulated should promote new therapeutic strategies that can ulti‐
mately treat a number of diseases, including myopathies, lysosomal storage diseases,
cancers, infectious diseases, diabetes, liver diseases, as well as major neurodegenerative dis‐
eases which involve impaired autophagic elimination of misfolded proteins ( Alzheimer’s,
Parkinson’s, Huntington’s and prion diseases). If autophagy induction is to be considered as
a promising therapeutic strategy for neurodegenerative diseases, the dark side of autophagy
must be taken into account. For the moment, it remains unclear whether deficits in autopha‐
gy provoke neurodegeneration or result from the neurodegenerative status. The data sug‐
gest that disrupting autophagy goes hand in hand with neurodegeneration, and a cause and
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effect relationship may contribute to neuronal damage. Transient, short-termed autophagy
is protective, but turns deleterious when autophagy is chronically activated or excessively
maintained in neurons. As reviewed in several chapters of the present book, this double-
edged nature of autophagy will ultimately be critical for the development of autophagy-tar‐
geted therapeutics, not only for neurodegenerative diseases, but also for infectious diseases
and cancer, where pathogens and cancer cells hijack the autophagic machinery for their sur‐
vival and proliferation.

Yannick Bailly
Neuronal Cytology and Cytopathology,

Institute of Cellular and Integrative Neurosciences,
Department of Neurotransmission & Neuroendocrine Secretion,

University of Strasbourg, France

XIV Preface

Section 1

New Insights into Mechanisms of Autophagy



effect relationship may contribute to neuronal damage. Transient, short-termed autophagy
is protective, but turns deleterious when autophagy is chronically activated or excessively
maintained in neurons. As reviewed in several chapters of the present book, this double-
edged nature of autophagy will ultimately be critical for the development of autophagy-tar‐
geted therapeutics, not only for neurodegenerative diseases, but also for infectious diseases
and cancer, where pathogens and cancer cells hijack the autophagic machinery for their sur‐
vival and proliferation.

Yannick Bailly
Neuronal Cytology and Cytopathology,

Institute of Cellular and Integrative Neurosciences,
Department of Neurotransmission & Neuroendocrine Secretion,

University of Strasbourg, France

PrefaceX

Section 1

New Insights into Mechanisms of Autophagy



Chapter 1

Role of Human WIPIs in Macroautophagy

Tassula Proikas-Cezanne and Daniela Bakula

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/54601

1. Introduction

Eukaroytic cellular homeostasis is critically secured by autophagy, a catabolic pathway for
the degradation of cytoplasmic material in the lysosomal compartment. Macroautophagy,
one of the major autophagic pathway, is initiated upon PtdIns(3)P generation by activated
PtdIns3KC3 in complex with Beclin 1, p150 and Atg14L. Subsequently, specific PtdIns(3)P-
effector proteins permit the formation of double-membrane vesicles, autophagosomes, that
sequester the cytoplasmic material. Autophagosomes then communicate and fuse with the
lysosomal compartment for final cargo degradation. Members of the human WIPI family
function as essential PtdIns(3)P-binding proteins during the initiation of macroautophagy
downstream of PtdIns3KC3, and become membrane proteins of generated autophagosomes.
Here, we discuss the function of human WIPIs and describe the WIPI puncta-formation
analysis for the quantitative assessment of macroautophagy.

Autophagy (auto phagia: greek, self eating) is an ancient cellular survival pathway specif‐
ic to eukaryotic cells. By promoting a constant turn-over of the cytoplasm, the process of
autophagy coevoled with the endomembrane system to secure the functionality of organ‐
elles.  Primitive eukaryotic cells  employed the autophagic pathway to survive periods of
nutrient  shortage  and  to  degrade  invading  pathogens  [1,2].  The  survival  function  of
autophagy has been experimentally proven by landmark studies such as the analysis  of
essential  autophagic factors in C. elegans,  demonstrating that  autophagy defines the life-
span of eukaryotic organisms [3],  and the characterization of mice deficient for essential
autophagic  factors,  demonstrating that  autophagy functions  to  compensate  for  nutrients
and energy during the post-natal starvation period [4].

The  survival  function  of  autophagy  is  based  on  the  three  major  autophagic  pathways,
macroautophagy, microautophagy and chaperone-mediated autophagy (CMA) that coexist
in eukaryotic  cells  [5].  In the process of  microautophagy,  proteins or  organells  are non-

© 2013 Proikas-Cezanne and Bakula; licensee InTech. This is an open access article distributed under the
terms of the Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which
permits unrestricted use, distribution, and reproduction in any medium, provided the original work is
properly cited.

© 2013 Proikas-Cezanne and Bakula; licensee InTech. This is a paper distributed under the terms of the Creative 
Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.

© 2013 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons 
Attribution License http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution, 
and reproduction in any medium, provided the original work is properly cited.
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selectively engulfed by the lysosome through lysosomal membrane invagination and vesicle
scission  [6].  CMA  specifically  targets  cytoplasmic  proteins  containing  the  KFERQ-like
consensus  motif  for  an  Hsp70-assisted  transport  to  the  lysosomal  compartment  and  an
LAMP2-assisted import into the lysosomal lumen in higher eukaryotic cells [7]. The process
of  macroautophagy  is  hallmarked  by  the  formation  of  autophagosomes,  double-mem‐
brane vesicles that sequester the cytoplasmic cargo (membranes, proteins, organells) and
that  communicate  with the lysosomal  compartment  for  final  degradation.  Constitutively
active  on  a  low  basal  level,  macroautophagy  stochastically  clears  the  cytoplasm  and
promotes the recycling of its constituents. In addition, upon a variety of cellular insults that
lead  to  organelle  damage  and  protein  aggregation,  macroautophagy  is  specifically  in‐
duced and engaged to counteract toxicity.

The cytoprotective function of the three major forms of autophagy critically prevent the
development of a variety of age-related human diseases, including cancer and neurodegen‐
eration. However, autophagic pathways also play a vital role in the manifestation of certain
pathologies, thus it is of urgent interest to monitor and understand the differential contribution
of autophagic pathways to both human health and disease [5].

2. The process of macroautophagy

Central to the process of macroautophagy is the formation of autophagosomes that sequester
and carry the cytoplasmic cargo – membranes, proteins and organelles - to the lysosomal
compartment for subsequent degradation and recycling (Figure 1). For decades, the membrane
origin of autophagosomes was uncertain [8]. Recently, a variety of independent studies
provided evidence that multiple membrane sources should in fact become employed for the
formation of autophagosomes [9]. Upon a hierarchical recruitment of autophagy-related (Atg)
proteins [10], membrane origins are thought to undergo membrane rearrangements, including
the formation of ER-associated omegasome structures [11], from which autophagosomal
precursor membranes (phagophores) emerge [12,13]. By communicating with the endosomal
compartment, the phagophore membrane is proposed to elongate and close to form the
autophagosome that robustly sequesters the cytoplasmic cargo within a double-membraned
vesicular structure [13]. Next, autophagosomes mature through communication with the
endosomal/lysosomal compartment and the degradation of the sequestered cargo occurs in
autolysosomes, fused vesicles of autophagosome and lysosomes [13]. Interestingly, kiss and
run between autophagosomes and lysosomes has also been demonstrated to contribute to
cargo final degradation [14].

The level of autophagosome formation is crucially balanced by the activity of the mTOR
complex  1  (mTORC1),  which  inhibits  macroautophagy  when  positioned  at  peripheral
lysosomes  and  which  releases  its  inhibitory  role  when  positioned  at  perinuclear  lyso‐
somes [15] (Figure 2). The inhibition of mTORC1 mediates the activation of phosphatidyli‐
nositol  3-kinase  class  III  (PtdIns3KC3 or  Vps34)  that  phosphorylates  PtdIns  to  generate
PtdIns(3)P,  an  essential  phospholipid  for  the  forming  autophagosomal  membrane  [16].

Autophagy - A Double-Edged Sword - Cell Survival or Death?4

PtdIns3KC3  functions  in  canonical  macroautophagy  in  complex  with  Beclin  1  (Atg6  in
yeast),  p150 (or Vps15) and Atg14L [17],  the latter recruiting PtdIns3KC3 to the ER [18]
where membrane rearrangements are initialized by the PtdIns(3)P effector proteins DFCP1
[11] and WIPIs [19,20]. Macroautophagy can also be induced by non-canonical entries, e.g.
independent of Beclin 1 [20,21,22].

Figure 2. Evolutionarily conserved WIPIs function as essential PtdIns(3)P effectors to regulate macroautophagy.

Figure 1. An overview of the process of macroautophagy.

Role of Human WIPIs in Macroautophagy
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PtdIns3KC3  functions  in  canonical  macroautophagy  in  complex  with  Beclin  1  (Atg6  in
yeast),  p150 (or Vps15) and Atg14L [17],  the latter recruiting PtdIns3KC3 to the ER [18]
where membrane rearrangements are initialized by the PtdIns(3)P effector proteins DFCP1
[11] and WIPIs [19,20]. Macroautophagy can also be induced by non-canonical entries, e.g.
independent of Beclin 1 [20,21,22].

Figure 2. Evolutionarily conserved WIPIs function as essential PtdIns(3)P effectors to regulate macroautophagy.

Figure 1. An overview of the process of macroautophagy.
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3. Human WIPIs

By screening for novel p53 inhibitory factors, we identified a partial, uncharacterized cDNA
fragment [23] and subsequently cloned the corresponding full-length cDNA from normal
human liver and testis [19]. Using BLAST it became apparent that the isolated cDNA should
be part of a novel human gene and protein family consisting of four members, which we
subsequently cloned from normal human testis and placenta [19]. We proposed to term this
novel human family WIPI (WD-repeat protein interacting with phosphoinositides) based on
the following findings. First, the primary amino acid sequence suggested that the WIPIs
contain seven WD40 repeats [19,24] that should fold into 7-bladed beta propeller proteins with
an open Velcro configuration, as shown by structural homology modeling [19]. Second, WIPIs
represent novel domains that specifically bind to PtdIns(3)P and PtdIns(3,5)P2 [19,24,25,26].
Third, a comprehensive bioinformatic analysis demonstrated that the human WIPI family
identified belongs to an ancient protein family of 7-bladed beta propellers with two paralogous
groups, one group containing human WIPI-1 and WIPI-2, and the other group containing
WIPI-3 and WIPI-4 [19,26]. Jeffries and coworkers found that WIPI-1 (WIPI49) should function
in mannose-6-phosphate receptor trafficking [24], and our own studies demonstrated that
WIPI-1 functions during macroautophagy in human tumor cells [19].

 

Figure 3. Assessing macroautophagy by WIPI puncta-formation analysis.

All human WIPI genes are ubiquitiously expressed in normal human tissue, but show high
levels in skeletal muscle and heart [19]. Moreover, in a variety of human tumor types the
abundance of all WIPI genes was shown to be aberrant when compared to matched normal
samples from the same patient; WIPI-1 and WIPI-3 seemed to be more abundant, and WIPI-2
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and WIPI-4 less abundant in the tumor [19]. In human tumor cell lines the abundance of the
four WIPIs also differs [19,26]. However, the contribution of WIPIs in tumor formation is as
yet uncharacterized.

During the process of  macroautophagy, essential  PtdIns(3)P effector functions (Figure 2)
have been assigned to members of the human WIPI family [10,19,22,26,27,28],  according
to the ancestral function of yeast Atg18 [25,29,30,31,32]. Moreover, human WIPIs were also
shown to be involved in pathogen defense by promoting the degradation of internalized
bacteria  in  the  lysosomal  compartment  [33,34,35],  and  to  further  contribute  to  Parkin-
mediated mitophagy [36].

Upon the initiation of autophagy (Figure 2) WIPI-1 and WIPI-2 specifically bind to generated
PtdIns(3)P at phagophore membranes [10,19,26,37]. In addition, WIPI-1 and WIPI-2 also bind,
although to a lesser extend, to PtdIns(3,5)P2 [24,26,37], however with unknown functional
consequences. Phospholipid binding is mediated by evolutionarily conserved amino acids
positioned in blade 5 and 6 of the beta-propeller structure of human WIPI proteins [19] and
yeast homologs [38,39,40]. Further, WIPI-1 and WIPI-2 act as PtdIns(3)P effectors upstream of
both the Atg12 and LC3 ubiquitin-like conjugation systems, hence regulate LC3 lipidation
[10,22,26,37] which is required for the elongation of the phagophore. Moreover, both WIPI-1
and WIPI-2 become membrane proteins of formed autophagosomes and probably also of
autolysosomes [41].

From the further specific localization of WIPI-1 and WIPI-2 upon the induction of macroau‐
tophagy, conclusions about the membrane origin of WIPI-positive autophagosomes can be
concluded (Figure 2): i) as WIPI-1 specifically accumulates at the ER and at the plasma
membrane (PM) upon starvation-induced macroautophagy, both of these membrane systems
might contribute to phagophore and autophagosome formation, ii) as WIPI-2 also accumulates
at the plasma membrane upon starvation, and in addition to membranes close to the Golgi, a
differential engagement of particular membrane systems for autophagosome formation might
be mediated by the different WIPIs [41].

4. WIPI-1 puncta-formation analysis

The specific protein localization of WIPI-1 at both phagophores and autophagosomes has been
employed for the quantitative assessment of macroautophagy in mammalian cells [37] and
extended for usage of automated fluorescent image acquisition and analysis [22,34,42]. Upon
the induction of macroautophagy, e.g. by rapamycin administration or starvation (Figure 3),
WIPI-1 accumulates at autophagosomal membranes, termed puncta. Upon the inhibition of
autophagy, e.g. by wortmannin treatment, WIPI-1 is distributed throughout the cytoplasm.
Under nutrient-rich conditions few WIPI-1 puncta-positive cells are observed and this
assessment reflects basal macroautophagy. To visualize endogenous WIPI-1, indirect immu‐
nofluorescence with specific anti-WIPI-1 antibodies is conducted. Alternatively, overex‐
pressed WIPI-1 fusion proteins, e.g. tagged to GFP, can also be employed to quantify the status
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of macroautophagy. Both, the number of cells displaying WIPI-1 puncta and the number of
WIPI-1 puncta per cell can be used to assess macroautophagy [43,44].

5. Outlook

The notion that human WIPIs function as essential PtdIns(3)P effectors in macroautophagy
needs to be addressed in more molecular detail as follows: i) analysing the individual contri‐
bution of the WIPIs to phagophore formation, ii) defining the function of WIPIs at autopha‐
gosomes and autolysosomes and iii) identification of WIPI interacting proteins and the
signaling network regulating the PtdIns(3)P effector function of WIPIs. As WIPIs are aberrantly
expressed in human tumors, the role of WIPIs during tumorigenesis, in particular the regula‐
tion of gene expression in normal and tumor cells is of further current interest. Moreover, the
identification of compounds that permit a direct interference with the specific binding of WIPIs
to PtdIns(3)P might become suitable in the future to specifically modulate macroautophagy in
anti-tumor therapies.
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ATG, autophagy related; CMA, chaperone-mediated autophagy; PtdIns(3)P, phosphatidyli‐
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phosphatidylinositol 3-kinase class III; mTOR, mammalian target of rapamycin; mTORC1,
mTOR complex 1; WIPI, WD-repeat protein interacting with phosphoinositides.

Acknowledgements

We thank the German Research Foundation (DFG, SFB 773) for grant support to TP-C, and the
Forschungsschwerpunktprogramm Baden-Wuerttemberg (Kapitel 1403 Tit. Gr. 74) for
supporting the doctoral thesis of DB.

Author details

Tassula Proikas-Cezanne and Daniela Bakula

*Address all correspondence to: tassula.proikas-cezanne@uni-tuebingen.de

Autophagy Laboratory, Department of Molecular Biology, Interfaculty Institute for Cell
Biology, Eberhard Karls University Tuebingen, Germany

Autophagy - A Double-Edged Sword - Cell Survival or Death?8

References

[1] Levine B (2005) Eating oneself and uninvited guests: autophagy-related pathways in
cellular defense. Cell 120: 159-162.

[2] Yang Z, Klionsky DJ (2010) Eaten alive: a history of macroautophagy. Nat Cell Biol
12: 814-822.

[3] Melendez A, Talloczy Z, Seaman M, Eskelinen EL, Hall DH, et al. (2003) Autophagy
genes are essential for dauer development and life-span extension in C. elegans. Sci‐
ence 301: 1387-1391.

[4] Kuma A, Hatano M, Matsui M, Yamamoto A, Nakaya H, et al. (2004) The role of au‐
tophagy during the early neonatal starvation period. Nature 432: 1032-1036.

[5] Mizushima N, Levine B, Cuervo AM, Klionsky DJ (2008) Autophagy fights disease
through cellular self-digestion. Nature 451: 1069-1075.

[6] Mijaljica D, Prescott M, Devenish RJ (2011) Microautophagy in mammalian cells: re‐
visiting a 40-year-old conundrum. Autophagy 7: 673-682.

[7] Kaushik S, Cuervo AM (2012) Chaperone-mediated autophagy: a unique way to en‐
ter the lysosome world. Trends Cell Biol 22: 407-417.

[8] Juhasz G, Neufeld TP (2006) Autophagy: a forty-year search for a missing membrane
source. PLoS Biol 4: e36.

[9] Mari M, Tooze SA, Reggiori F (2011) The puzzling origin of the autophagosomal
membrane. F1000 Biol Rep 3: 25.

[10] Itakura E, Mizushima N (2010) Characterization of autophagosome formation site by
a hierarchical analysis of mammalian Atg proteins. Autophagy 6: 764-776.

[11] Axe EL, Walker SA, Manifava M, Chandra P, Roderick HL, et al. (2008) Autophago‐
some formation from membrane compartments enriched in phosphatidylinositol 3-
phosphate and dynamically connected to the endoplasmic reticulum. J Cell Biol 182:
685-701.

[12] Hayashi-Nishino M, Fujita N, Noda T, Yamaguchi A, Yoshimori T, et al. (2009) A
subdomain of the endoplasmic reticulum forms a cradle for autophagosome forma‐
tion. Nat Cell Biol 11: 1433-1437.

[13] Yla-Anttila P, Vihinen H, Jokitalo E, Eskelinen EL (2009) 3D tomography reveals con‐
nections between the phagophore and endoplasmic reticulum. Autophagy 5:
1180-1185.

[14] Jahreiss L, Menzies FM, Rubinsztein DC (2008) The itinerary of autophagosomes:
from peripheral formation to kiss-and-run fusion with lysosomes. Traffic 9: 574-587.

Role of Human WIPIs in Macroautophagy
http://dx.doi.org/10.5772/54601

9



of macroautophagy. Both, the number of cells displaying WIPI-1 puncta and the number of
WIPI-1 puncta per cell can be used to assess macroautophagy [43,44].

5. Outlook

The notion that human WIPIs function as essential PtdIns(3)P effectors in macroautophagy
needs to be addressed in more molecular detail as follows: i) analysing the individual contri‐
bution of the WIPIs to phagophore formation, ii) defining the function of WIPIs at autopha‐
gosomes and autolysosomes and iii) identification of WIPI interacting proteins and the
signaling network regulating the PtdIns(3)P effector function of WIPIs. As WIPIs are aberrantly
expressed in human tumors, the role of WIPIs during tumorigenesis, in particular the regula‐
tion of gene expression in normal and tumor cells is of further current interest. Moreover, the
identification of compounds that permit a direct interference with the specific binding of WIPIs
to PtdIns(3)P might become suitable in the future to specifically modulate macroautophagy in
anti-tumor therapies.

Abbreviations

ATG, autophagy related; CMA, chaperone-mediated autophagy; PtdIns(3)P, phosphatidyli‐
nositol 3-phosphate; PtdIns(3,5)P2, phosphatidylinositol 3,5-bisphosphate; PtdIns3KC3,
phosphatidylinositol 3-kinase class III; mTOR, mammalian target of rapamycin; mTORC1,
mTOR complex 1; WIPI, WD-repeat protein interacting with phosphoinositides.

Acknowledgements

We thank the German Research Foundation (DFG, SFB 773) for grant support to TP-C, and the
Forschungsschwerpunktprogramm Baden-Wuerttemberg (Kapitel 1403 Tit. Gr. 74) for
supporting the doctoral thesis of DB.

Author details

Tassula Proikas-Cezanne and Daniela Bakula

*Address all correspondence to: tassula.proikas-cezanne@uni-tuebingen.de

Autophagy Laboratory, Department of Molecular Biology, Interfaculty Institute for Cell
Biology, Eberhard Karls University Tuebingen, Germany

Autophagy - A Double-Edged Sword - Cell Survival or Death?8

References

[1] Levine B (2005) Eating oneself and uninvited guests: autophagy-related pathways in
cellular defense. Cell 120: 159-162.

[2] Yang Z, Klionsky DJ (2010) Eaten alive: a history of macroautophagy. Nat Cell Biol
12: 814-822.

[3] Melendez A, Talloczy Z, Seaman M, Eskelinen EL, Hall DH, et al. (2003) Autophagy
genes are essential for dauer development and life-span extension in C. elegans. Sci‐
ence 301: 1387-1391.

[4] Kuma A, Hatano M, Matsui M, Yamamoto A, Nakaya H, et al. (2004) The role of au‐
tophagy during the early neonatal starvation period. Nature 432: 1032-1036.

[5] Mizushima N, Levine B, Cuervo AM, Klionsky DJ (2008) Autophagy fights disease
through cellular self-digestion. Nature 451: 1069-1075.

[6] Mijaljica D, Prescott M, Devenish RJ (2011) Microautophagy in mammalian cells: re‐
visiting a 40-year-old conundrum. Autophagy 7: 673-682.

[7] Kaushik S, Cuervo AM (2012) Chaperone-mediated autophagy: a unique way to en‐
ter the lysosome world. Trends Cell Biol 22: 407-417.

[8] Juhasz G, Neufeld TP (2006) Autophagy: a forty-year search for a missing membrane
source. PLoS Biol 4: e36.

[9] Mari M, Tooze SA, Reggiori F (2011) The puzzling origin of the autophagosomal
membrane. F1000 Biol Rep 3: 25.

[10] Itakura E, Mizushima N (2010) Characterization of autophagosome formation site by
a hierarchical analysis of mammalian Atg proteins. Autophagy 6: 764-776.

[11] Axe EL, Walker SA, Manifava M, Chandra P, Roderick HL, et al. (2008) Autophago‐
some formation from membrane compartments enriched in phosphatidylinositol 3-
phosphate and dynamically connected to the endoplasmic reticulum. J Cell Biol 182:
685-701.

[12] Hayashi-Nishino M, Fujita N, Noda T, Yamaguchi A, Yoshimori T, et al. (2009) A
subdomain of the endoplasmic reticulum forms a cradle for autophagosome forma‐
tion. Nat Cell Biol 11: 1433-1437.

[13] Yla-Anttila P, Vihinen H, Jokitalo E, Eskelinen EL (2009) 3D tomography reveals con‐
nections between the phagophore and endoplasmic reticulum. Autophagy 5:
1180-1185.

[14] Jahreiss L, Menzies FM, Rubinsztein DC (2008) The itinerary of autophagosomes:
from peripheral formation to kiss-and-run fusion with lysosomes. Traffic 9: 574-587.

Role of Human WIPIs in Macroautophagy
http://dx.doi.org/10.5772/54601

9



[15] Korolchuk VI, Saiki S, Lichtenberg M, Siddiqi FH, Roberts EA, et al. (2011) Lysoso‐
mal positioning coordinates cellular nutrient responses. Nat Cell Biol 13: 453-460.

[16] Obara K, Ohsumi Y (2011) PtdIns 3-Kinase Orchestrates Autophagosome Formation
in Yeast. J Lipids 2011: 498768.

[17] Matsunaga K, Saitoh T, Tabata K, Omori H, Satoh T, et al. (2009) Two Beclin 1-bind‐
ing proteins, Atg14L and Rubicon, reciprocally regulate autophagy at different
stages. Nat Cell Biol 11: 385-396.

[18] Matsunaga K, Morita E, Saitoh T, Akira S, Ktistakis NT, et al. (2010) Autophagy re‐
quires endoplasmic reticulum targeting of the PI3-kinase complex via Atg14L. J Cell
Biol 190: 511-521.

[19] Proikas-Cezanne T, Waddell S, Gaugel A, Frickey T, Lupas A, et al. (2004) WIPI-1al‐
pha (WIPI49), a member of the novel 7-bladed WIPI protein family, is aberrantly ex‐
pressed in human cancer and is linked to starvation-induced autophagy. Oncogene
23: 9314-9325.

[20] Codogno P, Mehrpour M, Proikas-Cezanne T (2012) Canonical and non-canonical au‐
tophagy: variations on a common theme of self-eating? Nat Rev Mol Cell Biol 13:
7-12.

[21] Gao P, Bauvy C, Souquere S, Tonelli G, Liu L, et al. (2010) The Bcl-2 homology do‐
main 3 mimetic gossypol induces both Beclin 1-dependent and Beclin 1-independent
cytoprotective autophagy in cancer cells. J Biol Chem 285: 25570-25581.

[22] Mauthe M, Jacob A, Freiberger S, Hentschel K, Stierhof YD, et al. (2011) Resveratrol-
mediated autophagy requires WIPI-1-regulated LC3 lipidation in the absence of in‐
duced phagophore formation. Autophagy 7: 1448-1461.

[23] Waddell S, Jenkins JR, Proikas-Cezanne T (2001) A "no-hybrids" screen for functional
antagonizers of human p53 transactivator function: dominant negativity in fission
yeast. Oncogene 20: 6001-6008.

[24] Jeffries TR, Dove SK, Michell RH, Parker PJ (2004) PtdIns-specific MPR pathway as‐
sociation of a novel WD40 repeat protein, WIPI49. Mol Biol Cell 15: 2652-2663.

[25] Dove SK, Piper RC, McEwen RK, Yu JW, King MC, et al. (2004) Svp1p defines a fami‐
ly of phosphatidylinositol 3,5-bisphosphate effectors. EMBO J 23: 1922-1933.

[26] Polson HE, de Lartigue J, Rigden DJ, Reedijk M, Urbe S, et al. (2010) Mammalian
Atg18 (WIPI2) localizes to omegasome-anchored phagophores and positively regu‐
lates LC3 lipidation. Autophagy 6.

[27] Lu Q, Yang P, Huang X, Hu W, Guo B, et al. (2011) The WD40 repeat PtdIns(3)P-
binding protein EPG-6 regulates progression of omegasomes to autophagosomes.
Dev Cell 21: 343-357.

Autophagy - A Double-Edged Sword - Cell Survival or Death?10

[28] Vergne I, Roberts E, Elmaoued RA, Tosch V, Delgado MA, et al. (2009) Control of au‐
tophagy initiation by phosphoinositide 3-phosphatase Jumpy. EMBO J 28: 2244-2258.

[29] Guan J, Stromhaug PE, George MD, Habibzadegah-Tari P, Bevan A, et al. (2001)
Cvt18/Gsa12 is required for cytoplasm-to-vacuole transport, pexophagy, and autoph‐
agy in Saccharomyces cerevisiae and Pichia pastoris. Mol Biol Cell 12: 3821-3838.

[30] Barth H, Meiling-Wesse K, Epple UD, Thumm M (2001) Autophagy and the cyto‐
plasm to vacuole targeting pathway both require Aut10p. FEBS Lett 508: 23-28.

[31] Stromhaug PE, Reggiori F, Guan J, Wang CW, Klionsky DJ (2004) Atg21 is a phos‐
phoinositide binding protein required for efficient lipidation and localization of Atg8
during uptake of aminopeptidase I by selective autophagy. Mol Biol Cell 15:
3553-3566.

[32] Efe JA, Botelho RJ, Emr SD (2007) Atg18 regulates organelle morphology and Fab1
kinase activity independent of its membrane recruitment by phosphatidylinositol
3,5-bisphosphate. Mol Biol Cell 18: 4232-4244.

[33] Kageyama S, Omori H, Saitoh T, Sone T, Guan JL, et al. (2011) The LC3 recruitment
mechanism is separate from Atg9L1-dependent membrane formation in the autopha‐
gic response against Salmonella. Mol Biol Cell 22: 2290-2300.

[34] Mauthe M, Yu W, Krut O, Kronke M, Gotz F, et al. (2012) WIPI-1 Positive Autopha‐
gosome-Like Vesicles Entrap Pathogenic Staphylococcus aureus for Lysosomal Deg‐
radation. Int J Cell Biol 2012: 179207.

[35] Ogawa M, Yoshikawa Y, Kobayashi T, Mimuro H, Fukumatsu M, et al. (2011) A
Tecpr1-dependent selective autophagy pathway targets bacterial pathogens. Cell
Host Microbe 9: 376-389.

[36] Itakura E, Kishi-Itakura C, Koyama-Honda I, Mizushima N (2012) Structures contain‐
ing Atg9A and the ULK1 complex independently target depolarized mitochondria at
initial stages of Parkin-mediated mitophagy. J Cell Sci 125: 1488-1499.

[37] Proikas-Cezanne T, Ruckerbauer S, Stierhof YD, Berg C, Nordheim A (2007) Human
WIPI-1 puncta-formation: a novel assay to assess mammalian autophagy. FEBS Lett
581: 3396-3404.

[38] Krick R, Busse RA, Scacioc A, Stephan M, Janshoff A, et al. (2012) Structural and
functional characterization of the two phosphoinositide binding sites of PROPPINs, a
beta-propeller protein family. Proc Natl Acad Sci U S A 109: E2042-2049.

[39] Baskaran S, Ragusa MJ, Boura E, Hurley JH (2012) Two-site recognition of phosphati‐
dylinositol 3-phosphate by PROPPINs in autophagy. Mol Cell 47: 339-348.

[40] Watanabe Y, Kobayashi T, Yamamoto H, Hoshida H, Akada R, et al. (2012) Struc‐
ture-based Analyses Reveal Distinct Binding Sites for Atg2 and Phosphoinositides in
Atg18. J Biol Chem 287: 31681-31690.

Role of Human WIPIs in Macroautophagy
http://dx.doi.org/10.5772/54601

11



[15] Korolchuk VI, Saiki S, Lichtenberg M, Siddiqi FH, Roberts EA, et al. (2011) Lysoso‐
mal positioning coordinates cellular nutrient responses. Nat Cell Biol 13: 453-460.

[16] Obara K, Ohsumi Y (2011) PtdIns 3-Kinase Orchestrates Autophagosome Formation
in Yeast. J Lipids 2011: 498768.

[17] Matsunaga K, Saitoh T, Tabata K, Omori H, Satoh T, et al. (2009) Two Beclin 1-bind‐
ing proteins, Atg14L and Rubicon, reciprocally regulate autophagy at different
stages. Nat Cell Biol 11: 385-396.

[18] Matsunaga K, Morita E, Saitoh T, Akira S, Ktistakis NT, et al. (2010) Autophagy re‐
quires endoplasmic reticulum targeting of the PI3-kinase complex via Atg14L. J Cell
Biol 190: 511-521.

[19] Proikas-Cezanne T, Waddell S, Gaugel A, Frickey T, Lupas A, et al. (2004) WIPI-1al‐
pha (WIPI49), a member of the novel 7-bladed WIPI protein family, is aberrantly ex‐
pressed in human cancer and is linked to starvation-induced autophagy. Oncogene
23: 9314-9325.

[20] Codogno P, Mehrpour M, Proikas-Cezanne T (2012) Canonical and non-canonical au‐
tophagy: variations on a common theme of self-eating? Nat Rev Mol Cell Biol 13:
7-12.

[21] Gao P, Bauvy C, Souquere S, Tonelli G, Liu L, et al. (2010) The Bcl-2 homology do‐
main 3 mimetic gossypol induces both Beclin 1-dependent and Beclin 1-independent
cytoprotective autophagy in cancer cells. J Biol Chem 285: 25570-25581.

[22] Mauthe M, Jacob A, Freiberger S, Hentschel K, Stierhof YD, et al. (2011) Resveratrol-
mediated autophagy requires WIPI-1-regulated LC3 lipidation in the absence of in‐
duced phagophore formation. Autophagy 7: 1448-1461.

[23] Waddell S, Jenkins JR, Proikas-Cezanne T (2001) A "no-hybrids" screen for functional
antagonizers of human p53 transactivator function: dominant negativity in fission
yeast. Oncogene 20: 6001-6008.

[24] Jeffries TR, Dove SK, Michell RH, Parker PJ (2004) PtdIns-specific MPR pathway as‐
sociation of a novel WD40 repeat protein, WIPI49. Mol Biol Cell 15: 2652-2663.

[25] Dove SK, Piper RC, McEwen RK, Yu JW, King MC, et al. (2004) Svp1p defines a fami‐
ly of phosphatidylinositol 3,5-bisphosphate effectors. EMBO J 23: 1922-1933.

[26] Polson HE, de Lartigue J, Rigden DJ, Reedijk M, Urbe S, et al. (2010) Mammalian
Atg18 (WIPI2) localizes to omegasome-anchored phagophores and positively regu‐
lates LC3 lipidation. Autophagy 6.

[27] Lu Q, Yang P, Huang X, Hu W, Guo B, et al. (2011) The WD40 repeat PtdIns(3)P-
binding protein EPG-6 regulates progression of omegasomes to autophagosomes.
Dev Cell 21: 343-357.

Autophagy - A Double-Edged Sword - Cell Survival or Death?10

[28] Vergne I, Roberts E, Elmaoued RA, Tosch V, Delgado MA, et al. (2009) Control of au‐
tophagy initiation by phosphoinositide 3-phosphatase Jumpy. EMBO J 28: 2244-2258.

[29] Guan J, Stromhaug PE, George MD, Habibzadegah-Tari P, Bevan A, et al. (2001)
Cvt18/Gsa12 is required for cytoplasm-to-vacuole transport, pexophagy, and autoph‐
agy in Saccharomyces cerevisiae and Pichia pastoris. Mol Biol Cell 12: 3821-3838.

[30] Barth H, Meiling-Wesse K, Epple UD, Thumm M (2001) Autophagy and the cyto‐
plasm to vacuole targeting pathway both require Aut10p. FEBS Lett 508: 23-28.

[31] Stromhaug PE, Reggiori F, Guan J, Wang CW, Klionsky DJ (2004) Atg21 is a phos‐
phoinositide binding protein required for efficient lipidation and localization of Atg8
during uptake of aminopeptidase I by selective autophagy. Mol Biol Cell 15:
3553-3566.

[32] Efe JA, Botelho RJ, Emr SD (2007) Atg18 regulates organelle morphology and Fab1
kinase activity independent of its membrane recruitment by phosphatidylinositol
3,5-bisphosphate. Mol Biol Cell 18: 4232-4244.

[33] Kageyama S, Omori H, Saitoh T, Sone T, Guan JL, et al. (2011) The LC3 recruitment
mechanism is separate from Atg9L1-dependent membrane formation in the autopha‐
gic response against Salmonella. Mol Biol Cell 22: 2290-2300.

[34] Mauthe M, Yu W, Krut O, Kronke M, Gotz F, et al. (2012) WIPI-1 Positive Autopha‐
gosome-Like Vesicles Entrap Pathogenic Staphylococcus aureus for Lysosomal Deg‐
radation. Int J Cell Biol 2012: 179207.

[35] Ogawa M, Yoshikawa Y, Kobayashi T, Mimuro H, Fukumatsu M, et al. (2011) A
Tecpr1-dependent selective autophagy pathway targets bacterial pathogens. Cell
Host Microbe 9: 376-389.

[36] Itakura E, Kishi-Itakura C, Koyama-Honda I, Mizushima N (2012) Structures contain‐
ing Atg9A and the ULK1 complex independently target depolarized mitochondria at
initial stages of Parkin-mediated mitophagy. J Cell Sci 125: 1488-1499.

[37] Proikas-Cezanne T, Ruckerbauer S, Stierhof YD, Berg C, Nordheim A (2007) Human
WIPI-1 puncta-formation: a novel assay to assess mammalian autophagy. FEBS Lett
581: 3396-3404.

[38] Krick R, Busse RA, Scacioc A, Stephan M, Janshoff A, et al. (2012) Structural and
functional characterization of the two phosphoinositide binding sites of PROPPINs, a
beta-propeller protein family. Proc Natl Acad Sci U S A 109: E2042-2049.

[39] Baskaran S, Ragusa MJ, Boura E, Hurley JH (2012) Two-site recognition of phosphati‐
dylinositol 3-phosphate by PROPPINs in autophagy. Mol Cell 47: 339-348.

[40] Watanabe Y, Kobayashi T, Yamamoto H, Hoshida H, Akada R, et al. (2012) Struc‐
ture-based Analyses Reveal Distinct Binding Sites for Atg2 and Phosphoinositides in
Atg18. J Biol Chem 287: 31681-31690.

Role of Human WIPIs in Macroautophagy
http://dx.doi.org/10.5772/54601

11



[41] Proikas-Cezanne T, Robenek H (2011) Freeze-fracture replica immunolabelling re‐
veals human WIPI-1 and WIPI-2 as membrane proteins of autophagosomes. J Cell
Mol Med 15: 2007-2010.

[42] Pfisterer SG, Mauthe M, Codogno P, Proikas-Cezanne T (2011) Ca2+/calmodulin-de‐
pendent kinase (CaMK) signaling via CaMKI and AMP-activated protein kinase con‐
tributes to the regulation of WIPI-1 at the onset of autophagy. Mol Pharmacol 80:
1066-1075.

[43] Proikas-Cezanne T, Pfisterer SG (2009) Assessing mammalian autophagy by WIPI-1/
Atg18 puncta formation. Methods Enzymol 452: 247-260.

[44] Klionsky DJ, Abdalla FC, Abeliovich H, Abraham RT, Acevedo-Arozena A, et al.
(2012) Guidelines for the use and interpretation of assays for monitoring autophagy.
Autophagy 8: 445-544.

Autophagy - A Double-Edged Sword - Cell Survival or Death?12

Chapter 2

Atg8 Family Proteins —
Autophagy and Beyond

Oliver H. Weiergräber, Jeannine Mohrlüder and
Dieter Willbold

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/55647

1. Introduction

In eukaryotic cells, macroautophagy is now recognised as the most important mechanism for
degradation of long-lived proteins and complete organelles, thus enabling cells to sustain their
function under conditions of stress, such as nutrient deprivation, hypoxia or the presence of
intracellular pathogens (for recent reviews, see [1,2]). While the core machinery is conserved
in all eukaroytes [3], it is becoming more and more evident that upstream regulation and
interfacing with other cellular pathways can differ significantly, depending on the species and
cell type investigated.

Proteins of the Atg8 family are essential factors in the execution phase of autophagy. The yeast
Saccharomyces cerevisiae only possesses a single member (the eponymous Atg8); in higher
eukaryotes and a few protists, however, the family has expanded significantly, in exceptional
cases including products of as many as 25 genes [4].

For  more  than  ten  years,  our  group  has  been  investigating  structure  and  function  of
Atg8  family  proteins,  with  special  emphasis  on  the  GABAA  receptor-associated  protein
(GABARAP).  In  this  review,  we will  first  give a  concise  outline of  the biology of  these
molecules and of  important  milestones in their  investigation,  supporting their  roles  both
in  the  autophagic  machinery  and  in  general  membrane  trafficking  events.  The  remain‐
der  of  the  text  shall  illustrate  the  recent  progress  in  our  understanding  of  the  struc‐
ture  and function of  GABARAP and related proteins.  In  particular,  we will  discuss  the
identity  of  potential  binding  partners  and  the  structures  of  resulting  complexes,  as
assessed by X-ray crystallography,  NMR spectroscopy and comparative modelling.
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2. Biology of Atg8 family proteins

During the past two decades, more than 30 autophagy-related proteins have been identified
in yeast as components of the Atg (autophagy) and Cvt (cytoplasm to vacuole targeting)
pathways [5]. Mammalian cells contain counterparts for most of these proteins as well as some
additional factors that are specific to higher eukaryotes. Genetic analysis unveiled Atg proteins
1 to 10, 12 to 14, 16 to 18, 29 and 31 to be essential for the formation of canonical autophagosomes
[3]. They have been grouped into several functional units, including the Atg1/ULK (unc-51-
like kinase) complex, the class III phosphatidylinositol 3-kinase (PI3K) complex, and the Atg12
and Atg8/LC3 conjugation systems [6].

Upon starvation, inhibition of the protein kinase target of rapamycin (TOR) results in activa‐
tion of the Atg1/ULK complex, which is the most upstream unit in the hierarchy [7], and of the
class III PI3K complex. The latter generates phosphatidylinositol 3-phosphate (PI3P) at the site
of autophagosome formation, which is termed the pre-autophagosomal structure (PAS) in
yeast and probably corresponds to the ER-associated omegasome in mammals. The function
of PI3P in autophagy is still incompletely understood; this lipid is known to be important for
the recruitment of downstream effector proteins, and its amount and spatial distribution are
tightly regulated [8].

Hierarchical analysis of yeast Atg proteins indicates that the two ubiquitin-like conjugation
systems act more downstream in autophagosome biogenesis. Atg12 is activated by the E1-like
enzyme Atg7 and subsequently transferred to its target Atg5 via the E2-like enzyme Atg10 [9].
The resulting conjugate interacts with Atg16, which mediates generation of a 2:2:2 complex
[10]. This assembly is a marker of the PAS and the expanding phagophore but dissociates upon
autophagosome closure [11,12]. As outlined below, the Atg12 conjugation system is function‐
ally coupled to the Atg8/LC3 system.

Similar  to  other  ubiquitin-like  modifiers,  Atg8  and  its  mammalian  orthologues  are
synthesised as precursor proteins with additional amino acids at their C-termini. These are
proteolytically  cleaved  by  cysteine  proteases  (Atg4  in  this  case),  yielding  truncated
products  (form  I)  with  a  conserved  terminal  glycine  residue.  Intriguingly,  Atg8/LC3
proteins are finally attached to phospholipids rather than polypeptides:  after  processing
by the E1-like Atg7 and the E2-like Atg3, they are covalently linked to phosphatidyletha‐
nolamine  (PE)  [13,14],  resulting  in  protein-phospholipid  conjugates  (form  II)  that  are
supposed to be membrane-associated. This modification is reversible, and delipidation of
Atg8/LC3 proteins is again mediated by Atg4 [15,16].

The Atg12-Atg5-Atg16 complex exhibits E3-like activity for Atg8/LC3 proteins by promot‐
ing their transfer from Atg3 to PE [17,18]. Since this complex has been found to associate
only with the outer surface of the isolation membrane, Atg8/LC3 lipidation is supposed to
occur there [12].  Atg14 and Vps30,  two components of the class III  PI3K complex,  were
shown to be required for the recruitment of the Atg16 complex (and thus Atg8-PE) to the
PAS [7].  The  precise  mechanism of  these  regulatory  functions,  however,  remains  to  be
elucidated.

Autophagy - A Double-Edged Sword - Cell Survival or Death?14

The first Atg8 protein to be identified was mammalian LC3B (initially termed LC3), which to
the present day has remained the most extensively studied member of the family. It was
reported in 1987 to associate with microtubule-associated proteins (MAPs) 1A and 1B [19] and
was first implicated in the modulation of MAP1 binding to microtubules [20]. While the
phenomenon of cellular autophagy has been observed as early as 1957 [21], it took more than
four decades until the involvement of LC3B in this process was recognised [22].

Yeast Atg8 has been first described in the late 1990s [23]; since its gene was isolated as a
suppressor of autophagy defects (hence its original name Aut7), its essential role in the
autophagy pathway was immediately evident. This functional assignment was aided by the
absence of partially redundant paralogues in yeast. In contrast, mammalian cells possess
several family members which, based on amino acid sequence similarities, can be divided into
two subgroups [24]. In humans, LC3A (with two variants originating from alternative
splicing), LC3B, LC3B2 and LC3C constitute the LC3 subfamily, whereas GABARAP, GA‐
BARAPL1/GEC1, GABARAPL2/GATE-16 and GABARAPL3 form the GABARAP subfamily.
They are expressed ubiquitously with moderate variations between different tissues. In this
context, it is noteworthy that the expression of GABARAPL3 has been demonstrated on the
transcriptional level only [25]; the corresponding open reading frame might therefore repre‐
sent a pseudogene.

As with LC3B, the cellular functions originally ascribed to GABARAP subfamily proteins were
not obviously related to autophagy. GATE-16, for instance, was initially found to be involved
in intra-Golgi protein transport and was later shown to promote these processes by linking
NSF (N-ethylmaleimide sensitive factor) to a SNARE (soluble NSF attachment receptor)
protein on Golgi membranes [26,27]. GABARAP was identified in 1999 as an interaction
partner of GABAA receptors [28]. Further investigations revealed that GABARAP is essential
for GABAA receptor trafficking to the plasma membrane [29]. Interaction with integral
membrane proteins turned out to be a recurrent theme in GABARAP research, as this protein
was found to also associate with the transferrin receptor, the AT1 angiotensin receptor, the
transient receptor potential vanilloid channel (TRPV1) and the κ-type opioid receptor [30-33].
Analogous to GABARAP, its closest relative GABARAPL1/GEC1 also interacts with the
GABAA receptor and the κ opioid receptor [34,35]. Association with NSF has been confirmed
for GABARAP [36] and GEC1 [35], in addition to GATE-16. Finally, it is interesting to note that
all Atg8 proteins investigated thus far appear to show affinity for tubulin [37,38], suggesting
physical association with microtubules.

With the rapid evolution of autophagy research in recent years, our knowledge about the
cellular  functions  of  Atg8-like  proteins  has  grown dramatically.  In  particular,  it  is  now
well-established that the mammalian orthologues as a group are just as indispensable for
the autophagy process as Atg8 is for yeast, and that this function strictly depends on lipid
conjugation.  Consequently,  knockout  of  Atg3  or  overexpression  of  a  dominant-negative
Atg4 mutant result in unclosed isolation membranes with altered morphology [39-40].  It
is important to realise, however, that the individual members of the family perform both
distinct  and  overlapping  functions,  and  the  precise  definition  of  these  activities  has
remained a challenging task.
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An addition to their roles as essential components of the autophagic machinery, Atg8 family
proteins have also emerged as valuable tools for the investigation of this process. Among the
large number of autophagy-related polypeptides identified to date, Atg8 and its homologues
are unique in that they remain associated with mature autophagosomes and thus are com‐
monly exploited as bona fide markers for this organelle [24].

3. Structural foundations

While the discovery of the first Atg8 family protein (LC3B) dates back to the late 1980s, the
three-dimensional structures of these molecules have remained elusive for many years. In
particular, extensive searches of sequence databases at that time did not reveal entries with
known fold.

The situation changed in 2000, when the crystal structure of bovine GATE-16 was published
[41]. In the absence of obvious templates for molecular replacement, structure determination
required experimental phase information, which was acquired using multiple-wavelength
anomalous dispersion. Availability of this data not only speeded up the subsequent X-ray
structure determination of related proteins, but was also seminal in that it revealed several
previously unexpected properties which are shared among Atg8-like proteins and have since
proven crucial for the biological function of this family.

The GATE-16 structure features a compact ellipsoid fold belonging to the α+β class (Figure 1).
Among the most unexpected findings was a striking similarity to the ubiquitin superfamily fold
in the C-terminal two-thirds of the polypeptide (coloured dark blue). This portion is also known
as the β-grasp fold. Usually, it comprises a four-stranded β-sheet of the mixed type (i.e. the two
inner strands are arranged in parallel and are flanked by antiparallel outer segments) and one
or two helices shielding the concave face of the sheet. In fact, this similarity to ubiquitin is just
another manifestation of the well-established notion that during the evolution of proteins, chain
topologies and three-dimensional folds are conserved much more stringently than primary
structures. In addition to the β-grasp fold, GATE-16 contains an N-terminal extension with two
additional helices, which are attached to the convex face of the β-sheet. This stretch is a hallmark
of all Atg8-like proteins distinguishing them from other members of the ubiquitin superfamily.

Based on significant similarities in amino acid sequences, Paz et al. have claimed that the three-
dimensional fold found for GATE-16 should be shared by all other family members including
GABARAP, LC3 and yeast Atg8. In principle, this assumption has proven entirely valid;
current evidence indicates, however, that conformational dynamics might differ among family
members. Specifically, the N-terminal helical extension has been found to attain alternative
conformations, at least under certain experimental conditions (see below).

Another peculiar observation in the GATE-16 structure was the presence of a region containing
partially solvent-accessible hydrophobic residues, which are flanked by basic side chains. Since
these apolar residues are located on either side of strand β2, i.e. the exposed edge of the β-
sheet, they are now commonly assigned to two hydrophobic patches (hp), with hp1 and hp2
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extending towards helices α2 and α3, respectively. In the crystal structure, these sites are
involved in the formation of lattice contacts by interacting with phenylalanine side chains
(F115 and F117, respectively) at the C-termini of neighbouring molecules. Since the residues
constituting this basic/hydrophobic face are highly conserved among Atg8 family proteins,
they were proposed to also mediate protein-protein interactions in vivo. Last but not least, the
two molecules present in the asymmetric unit diverge in the conformations of their C-terminal
tails, which are detached from the globular β-grasp fold to a different extent. This observation
provided a first hint at the dynamic character of this segment.

The second Atg8 family member to be investigated in structural terms was GABARAP. As the
name implies, this protein has been originally identified as a binding partner of a GABAA

receptor subunit [28]. The proposed functional connection to a major pharmacological target
attracted great interest in the scientific community, and several groups commenced to work
on the three-dimensional structure of GABARAP. Finally, it was published as many as five
times independently, by our lab [48] as well as by others, involving either X-ray crystallogra‐

Figure 1. The characteristic fold of Atg8 family proteins, as exemplified by the GATE-16 crystal structure (PDB ID 1EO6
[41]), contains the β-grasp motif (dark blue) which is a hallmark of the ubiquitin (PDB ID 1UBQ [42]) superfamily. While
all Atg8 homologues contain a unique N-terminal extension (light blue), different arrangements are found in other
ubiquitlin-like proteins, such as in ISG15 (PDB ID 1Z2M [43]), which features a β-grasp tandem, or focal adhesion kin‐
ase 1 (FAK1 – only FERM domain is shown, PDB ID 2AEH [44]), which has a more complex domain structure. All pro‐
teins are presented as ribbon models, which were generated using MOLSCRIPT [45] and RASTER3D [46], using
secondary structure assignments given by DSSP [47].
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current evidence indicates, however, that conformational dynamics might differ among family
members. Specifically, the N-terminal helical extension has been found to attain alternative
conformations, at least under certain experimental conditions (see below).

Another peculiar observation in the GATE-16 structure was the presence of a region containing
partially solvent-accessible hydrophobic residues, which are flanked by basic side chains. Since
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they were proposed to also mediate protein-protein interactions in vivo. Last but not least, the
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receptor subunit [28]. The proposed functional connection to a major pharmacological target
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phy [37,49,50] or NMR spectroscopy [51]. As expected, all GABARAP structures exhibit the
same overall fold as previously found for GATE-16, with one exception. Coyle et al. described
a second crystal form obtained under high-salt conditions, in which the N-terminal stretch
including helix α1 was rotated away from the GABARAP core, with a proline residue (P10)
apparently serving as a hinge. In fact, this segment assumed an extended conformation and
formed a lattice contact with the hydrophobic surface patches of a neighbouring molecule [37].
The authors speculated that this interaction might allow for the formation of extended scaffolds
supporting the clustering of associated membrane proteins (such as GABAA receptors) while
at the same time physically linking them to the microtubule cytoskeleton via a binding site in
helix α2. However, experimental evidence endorsing this conclusion is still unavailable.

Owing to the very nature of NMR spectroscopy, which aims to model ensembles of structures
satisfying experimental distance restraints, the method is particularly well suited to assess
dynamic properties of folded polypeptides. In the case of GABARAP, NMR spectra recorded
in our lab revealed line broadening and/or signal splitting for backbone amide groups in
several segments, which is indicative of conformational exchange on an intermediate to slow
(millisecond to second) time scale [48]. These regions, which comprise the majority of helices
α1 and α2 together with adjacent loops, are closely apposed in the three-dimensional structure
and appear to be centred on P10; the hydrophobic surface patches undergo conformational
exchange as well. Finally, a recent diffusion-ordered spectroscopy (DOSY) NMR study
suggested the presence of temperature-dependent conformational transitions in the GABAR‐
AP molecule, with associated changes in diffusion and self-association properties [52].
Although the unfolding of helix α1 observed in one of the X-ray structures [37] may have been
induced by the crystallization conditions, favouring a peculiar lattice contact, our data confirm
that the N-terminal portion of GABARAP exhibits an equilibrium of two or more conforma‐
tions. In fact, preliminary NMR relaxation dispersion experiments indicate that this confor‐
mational exchange comprises at least two processes on different time scales (C. Möller, M.
Schwarten, P. Ma, P. Neudecker, unpublished data).

Subsequently, the three-dimensional structures of other members of the Atg8 family have been
determined, including GEC1, which is closely related to GABARAP, LC3A isoform 1, LC3B
[38], and yeast Atg8 itself [53,54]. The latest addition to this list is LC3C, the crystal structure
of which has been determined in complex with an autophagy receptor [55]. While all these
structures displayed the expected overall fold, they did also add to the controversy regarding
the flexibility of the N-terminal subdomains. For instance, the NMR structure of LC3B did not
show any indication of fluctuations around the α1-α2 hinge [38], which is at variance with our
findings for GABARAP. The structure of Atg8 turned out to be particularly interesting in this
respect. The protein is more difficult to handle than other family members because of its
tendency to aggregate at concentrations required for NMR structure determination. Notably,
we found that resonances corresponding to the N-terminal part of Atg8 were broadened or
even undetectable, resulting in the absence of distance restraints between helix α2 and the
ubiquitin-like core of the molecule. Consequently, structure calculations yielded an ensemble
of models in which the α2 region partially retained its helical conformation, but its position
with respect to the β-grasp fold was poorly defined [53]. In an independent approach to the
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Atg8 structure, Kumeta et al. noted that Atg8 differed from other family members in that the
α2 helix-terminating proline (P26) was replaced by a lysine. A K26P mutation not only reduced
the aggregation propensity of the molecule, but also stabilised the structure of the helical
subdomain, with a corresponding improvement in spectral quality [54]. In summary, current
evidence suggests that conformational polymorphism may be an intrinsic property of the N-
terminal subdomain, at least in a subset of Atg8-like proteins. It is important to note, however,
that the functional significance of these observations still needs to be established.

The available sequence and structural data for yeast Atg8 and its human orthologues are
summarised in Table 1.

Protein name Uniprot ID Isoforms X-ray structures NMR structures

ScAtg8 P38182 1 2KQ7 [52], 2KWC [53]

GABARAP O95166 1 1GNU [50], 1KJT [49] 1KOT [48], 1KLV [51]

GABARAPL1 Q9H0R8 1 2R2Q

GABARAPL2 P60520 1 1EO6 [41]

GABARAPL3 Q9BY60 ?

MAP1LC3A Q9H492 2 3ECI

MAP1LC3B Q9GZQ8 1 1V49 [38]

MAP1LC3B2 A6NCE7 1

MAP1LC3C Q9BXW4 1 3VVW [54]

Table 1. Overview of yeast (Sc) and human Atg8 family members. GABARAPL1 and GABARAPL2 are also known as
GEC1 and GATE-16, respectively. Note that the existence of the GABARAPL3 protein in cells has not been established
yet. With the exception of LC3C, which has only been investigated in a heterodimeric complex, the PDB entries listed
are those featuring the respective protein as the single polypeptide component.

4. A common paradigm of GABARAP-ligand interaction

As a matter of course, investigation of the biological functions of Atg8-like proteins has been
and continues to be closely connected to the search for interaction partners in their cellular
environment. One of the largest sets of interaction data is available for GABARAP; we shall
therefore consider these results in more detail.

Shortly after its discovery, numerous proteins have been reported to bind to GABARAP,
including candidates as diverse as NSF [36], tubulin [28], ULK1 [56], transferrin receptor
[30],  phospholipase  C-related  inactive  protein  type  1  (PRIP-1  [57]),  glutamate  receptor-
interacting protein 1 (GRIP1 [58]),  gephyrin [59] and DEAD box polypeptide 47 (DDX47
[60]).  However,  data  on  the  mode  of  interaction,  let  alone  structures  of  the  respective
complexes,  were  not  available.  In  order  to  gain  insight  into  the  binding  specificity  of
GABARAP,  we have  screened a  phage-displayed random dodecapeptide  library  with  a
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phy [37,49,50] or NMR spectroscopy [51]. As expected, all GABARAP structures exhibit the
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including helix α1 was rotated away from the GABARAP core, with a proline residue (P10)
apparently serving as a hinge. In fact, this segment assumed an extended conformation and
formed a lattice contact with the hydrophobic surface patches of a neighbouring molecule [37].
The authors speculated that this interaction might allow for the formation of extended scaffolds
supporting the clustering of associated membrane proteins (such as GABAA receptors) while
at the same time physically linking them to the microtubule cytoskeleton via a binding site in
helix α2. However, experimental evidence endorsing this conclusion is still unavailable.

Owing to the very nature of NMR spectroscopy, which aims to model ensembles of structures
satisfying experimental distance restraints, the method is particularly well suited to assess
dynamic properties of folded polypeptides. In the case of GABARAP, NMR spectra recorded
in our lab revealed line broadening and/or signal splitting for backbone amide groups in
several segments, which is indicative of conformational exchange on an intermediate to slow
(millisecond to second) time scale [48]. These regions, which comprise the majority of helices
α1 and α2 together with adjacent loops, are closely apposed in the three-dimensional structure
and appear to be centred on P10; the hydrophobic surface patches undergo conformational
exchange as well. Finally, a recent diffusion-ordered spectroscopy (DOSY) NMR study
suggested the presence of temperature-dependent conformational transitions in the GABAR‐
AP molecule, with associated changes in diffusion and self-association properties [52].
Although the unfolding of helix α1 observed in one of the X-ray structures [37] may have been
induced by the crystallization conditions, favouring a peculiar lattice contact, our data confirm
that the N-terminal portion of GABARAP exhibits an equilibrium of two or more conforma‐
tions. In fact, preliminary NMR relaxation dispersion experiments indicate that this confor‐
mational exchange comprises at least two processes on different time scales (C. Möller, M.
Schwarten, P. Ma, P. Neudecker, unpublished data).

Subsequently, the three-dimensional structures of other members of the Atg8 family have been
determined, including GEC1, which is closely related to GABARAP, LC3A isoform 1, LC3B
[38], and yeast Atg8 itself [53,54]. The latest addition to this list is LC3C, the crystal structure
of which has been determined in complex with an autophagy receptor [55]. While all these
structures displayed the expected overall fold, they did also add to the controversy regarding
the flexibility of the N-terminal subdomains. For instance, the NMR structure of LC3B did not
show any indication of fluctuations around the α1-α2 hinge [38], which is at variance with our
findings for GABARAP. The structure of Atg8 turned out to be particularly interesting in this
respect. The protein is more difficult to handle than other family members because of its
tendency to aggregate at concentrations required for NMR structure determination. Notably,
we found that resonances corresponding to the N-terminal part of Atg8 were broadened or
even undetectable, resulting in the absence of distance restraints between helix α2 and the
ubiquitin-like core of the molecule. Consequently, structure calculations yielded an ensemble
of models in which the α2 region partially retained its helical conformation, but its position
with respect to the β-grasp fold was poorly defined [53]. In an independent approach to the
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Atg8 structure, Kumeta et al. noted that Atg8 differed from other family members in that the
α2 helix-terminating proline (P26) was replaced by a lysine. A K26P mutation not only reduced
the aggregation propensity of the molecule, but also stabilised the structure of the helical
subdomain, with a corresponding improvement in spectral quality [54]. In summary, current
evidence suggests that conformational polymorphism may be an intrinsic property of the N-
terminal subdomain, at least in a subset of Atg8-like proteins. It is important to note, however,
that the functional significance of these observations still needs to be established.

The available sequence and structural data for yeast Atg8 and its human orthologues are
summarised in Table 1.

Protein name Uniprot ID Isoforms X-ray structures NMR structures

ScAtg8 P38182 1 2KQ7 [52], 2KWC [53]

GABARAP O95166 1 1GNU [50], 1KJT [49] 1KOT [48], 1KLV [51]

GABARAPL1 Q9H0R8 1 2R2Q

GABARAPL2 P60520 1 1EO6 [41]

GABARAPL3 Q9BY60 ?

MAP1LC3A Q9H492 2 3ECI

MAP1LC3B Q9GZQ8 1 1V49 [38]

MAP1LC3B2 A6NCE7 1

MAP1LC3C Q9BXW4 1 3VVW [54]

Table 1. Overview of yeast (Sc) and human Atg8 family members. GABARAPL1 and GABARAPL2 are also known as
GEC1 and GATE-16, respectively. Note that the existence of the GABARAPL3 protein in cells has not been established
yet. With the exception of LC3C, which has only been investigated in a heterodimeric complex, the PDB entries listed
are those featuring the respective protein as the single polypeptide component.

4. A common paradigm of GABARAP-ligand interaction

As a matter of course, investigation of the biological functions of Atg8-like proteins has been
and continues to be closely connected to the search for interaction partners in their cellular
environment. One of the largest sets of interaction data is available for GABARAP; we shall
therefore consider these results in more detail.

Shortly after its discovery, numerous proteins have been reported to bind to GABARAP,
including candidates as diverse as NSF [36], tubulin [28], ULK1 [56], transferrin receptor
[30],  phospholipase  C-related  inactive  protein  type  1  (PRIP-1  [57]),  glutamate  receptor-
interacting protein 1 (GRIP1 [58]),  gephyrin [59] and DEAD box polypeptide 47 (DDX47
[60]).  However,  data  on  the  mode  of  interaction,  let  alone  structures  of  the  respective
complexes,  were  not  available.  In  order  to  gain  insight  into  the  binding  specificity  of
GABARAP,  we have  screened a  phage-displayed random dodecapeptide  library  with  a
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recombinant  glutathione  S-transferase  (GST)-GABARAP  fusion  protein  [61].  While  this
approach  did  not  yield  a  single  dominating  sequence,  several  peptides  were  obtained
multiple  times,  and  side  chain  preferences  at  certain  positions  were  clearly  evident.
Specifically, multiple sequence alignment of the phage display-selected peptides revealed
a  highly  conserved  tryptophan  residue.  Besides  this  tryptophan  at  sequence  position  i,
aliphatic residues at positions i+1 and i+3, an aromatic residue at position i+2 and a proline
at  position  i+4  or  i+5  seemed  to  support  GABARAP  binding.  The  positions  on  the  N-
terminal side of the tryptophan were less conserved, but a certain preference for hydrophil‐
ic  and  charged  amino  acids  was  obvious.  These  observations  inspired  two  different
experimental  strategies,  which  were  directed  towards  artificial  (model)  ligands  and  to
native interaction partners, respectively, and their modes of GABARAP binding.

4.1. Model ligands

First of all, the preference for tryptophan and aromatic residues at positions i and i+2, respec‐
tively, prompted the use of small-molecule indole derivatives as probes in a quantitative
saturation-transfer difference NMR study [62]. We were able to locate two indole binding sites
displaying different affinities, which essentially mapped to the conserved hydrophobic
patches identified previously on the GABARAP surface.

At  the  same  time,  the  highest-affinity  peptide  found  in  the  phage  display  screen  was
selected as a prototype ligand and its interaction with GABARAP was investigated in detail
[63]. This candidate (termed K1) with the sequence DATYTWEHLAWP bound to GABAR‐
AP with a  KD  of  390 nM, as  determined by surface  plasmon resonance (SPR)  measure‐
ments.  Notably,  its  presence caused extensive changes to the 1H15N-heteronuclear  single
quantum coherence (HSQC) spectrum of GABARAP, indicating significant alteration in the
chemical environment of numerous amide groups. We have determined the three-dimen‐
sional structure of the complex by X-ray crystallography (Figure 2, left). The peptide ligand
(drawn  as  coil)  makes  close  contact  with  the  GABARAP  molecule  in  its  entire  length,
burying approx.  620 Å2  of  solvent-accessible  surface.  Based on structural  properties,  the
peptide can be divided into three parts: The N- and C-terminal segments (red) assume an
extended conformation; residues 1 to 5 roughly align with helix α3 of GABARAP, while
residues 10 to 12 are apposed to the central  β-sheet,  with their backbone approximately
perpendicular to strand β2.  These two stretches are connected by a short  310  helix (resi‐
dues  6  to  9,  grey).  Overall,  the  interaction  is  dominated  by  side  chain-side  chain  con‐
tacts. It is interesting to note that the 310 helix formed by the backbone of W6EHL9 brings
the side chains of W6 and L9 in close proximity; together they interact with a set of exposed
aromatic and aliphatic side chains roughly located between the central β-sheet and helix
α3 (i.e. hp2). Finally, the C-terminus of the peptide is anchored by the side chain of W11,
which contacts residues belonging to hp1, bounded by the β-sheet and helix α2 [63]. As
expected,  the  involved  GABARAP  residues  largely  coincide  with  those  affected  in  our
HSQC titration and with the preferred binding sites for indole derivatives [62].
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4.2. Native binding partners

In a complementary approach, we aimed at defining novel physiological binding partners of
GABARAP. Since the phage display screens yielded a diverse yet related set of peptides, a
position-specific scoring matrix (PSSM) was determined from the sequence alignment as an
accurate representation of the consensus properties and the tolerance for exchanges at
individual positions. Database searches using this PSSM revealed several potential matches,
including calreticulin (CRT) and the heavy chain of clathrin (CHC). For calreticulin, the
significance of the interaction could be demonstrated by pull-down experiments using
immobilised protein, which associated with endogenous GABARAP from brain extracts [61].
Moreover, immunofluorescence staining of neuronal cells confirmed a colocalization of both
proteins in punctuate structures, possibly corresponding to a vesicular compartment. We
therefore set out to investigate this interaction in more detail. First of all, SPR measurements
revealed tight binding with a very low off-rate, which prevented regeneration of the chip using
standard protocols, and a dissociation constant of 64 nM. In accordance with these findings,
the 1H15N-HSQC spectrum of GABARAP was altered dramatically after addition of calreticu‐
lin; due to the large decrease in overall signal strength, however, identification of interacting
residues was not feasible by NMR spectroscopy.

To overcome this problem, we resorted to the investigation of smaller calreticulin fragments
for their GABARAP binding capabilities [64]. The three-dimensional structure of full-length
calreticulin has not yet been determined; based on the structure of is paralogue calnexin [65], it
is predicted to consist of N- and C-terminal segments contributing to a globular domain, and
an intermediate part, the so-called P domain (proline rich domain), which forms an arm-like
structure. Since the putative GABARAP binding motif is located at the proximal end of the
proline rich region, we selected both an undecapeptide comprising the core interacting residues
(positions 178 to 188) and the complete arm domain (residues 177 to 288) for this study. First of
all, our measurements indicated an increase in affinity with peptide length: CRT(178-188), the
P domain and full-length calreticulin yielded dissociation constants of 12 µM, 930 nM and 64
nM, respectively. These observations suggest that the undecapeptide does contain the pri‐
mary interaction sites, but the P domain as well as the globular domain of calreticulin pro‐
vide additional contacts. Moreover, replacing the tryptophan in the WDFL motif by alanine
turned out to dramatically reduce the GABARAP affinity of the peptide. These data were
confirmed by NMR experiments, which revealed strong alterations to the GABARAP spec‐
trum after addition of the calreticulin P domain or CRT(178-188), but not of its mutant. Again,
hydrophobic pockets hp1 and hp2 on the GABARAP surface were identified as major bind‐
ing sites for the two calreticulin fragments investigated.

Finally, we determined the three-dimensional structure of the GABARAP-CRT(178-188)
complex (Figure 2, right). The peptide ligand assumes an extended conformation in close
contact to GABARAP, and as expected, the interaction is dominated by apolar contacts
involving hp1 and hp2. The overall orientation of the peptide, however, turned out to differ
substantially from the one found previously for the artificial K1 ligand. Specifically, the central
portion of the peptide establishes main chain hydrogen bonds to strand β2, and therefore
represents an intermolecular extension of the central β-sheet, whereas main chain-main chain
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recombinant  glutathione  S-transferase  (GST)-GABARAP  fusion  protein  [61].  While  this
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tively, prompted the use of small-molecule indole derivatives as probes in a quantitative
saturation-transfer difference NMR study [62]. We were able to locate two indole binding sites
displaying different affinities, which essentially mapped to the conserved hydrophobic
patches identified previously on the GABARAP surface.

At  the  same  time,  the  highest-affinity  peptide  found  in  the  phage  display  screen  was
selected as a prototype ligand and its interaction with GABARAP was investigated in detail
[63]. This candidate (termed K1) with the sequence DATYTWEHLAWP bound to GABAR‐
AP with a  KD  of  390 nM, as  determined by surface  plasmon resonance (SPR)  measure‐
ments.  Notably,  its  presence caused extensive changes to the 1H15N-heteronuclear  single
quantum coherence (HSQC) spectrum of GABARAP, indicating significant alteration in the
chemical environment of numerous amide groups. We have determined the three-dimen‐
sional structure of the complex by X-ray crystallography (Figure 2, left). The peptide ligand
(drawn  as  coil)  makes  close  contact  with  the  GABARAP  molecule  in  its  entire  length,
burying approx.  620 Å2  of  solvent-accessible  surface.  Based on structural  properties,  the
peptide can be divided into three parts: The N- and C-terminal segments (red) assume an
extended conformation; residues 1 to 5 roughly align with helix α3 of GABARAP, while
residues 10 to 12 are apposed to the central  β-sheet,  with their backbone approximately
perpendicular to strand β2.  These two stretches are connected by a short  310  helix (resi‐
dues  6  to  9,  grey).  Overall,  the  interaction  is  dominated  by  side  chain-side  chain  con‐
tacts. It is interesting to note that the 310 helix formed by the backbone of W6EHL9 brings
the side chains of W6 and L9 in close proximity; together they interact with a set of exposed
aromatic and aliphatic side chains roughly located between the central β-sheet and helix
α3 (i.e. hp2). Finally, the C-terminus of the peptide is anchored by the side chain of W11,
which contacts residues belonging to hp1, bounded by the β-sheet and helix α2 [63]. As
expected,  the  involved  GABARAP  residues  largely  coincide  with  those  affected  in  our
HSQC titration and with the preferred binding sites for indole derivatives [62].
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4.2. Native binding partners

In a complementary approach, we aimed at defining novel physiological binding partners of
GABARAP. Since the phage display screens yielded a diverse yet related set of peptides, a
position-specific scoring matrix (PSSM) was determined from the sequence alignment as an
accurate representation of the consensus properties and the tolerance for exchanges at
individual positions. Database searches using this PSSM revealed several potential matches,
including calreticulin (CRT) and the heavy chain of clathrin (CHC). For calreticulin, the
significance of the interaction could be demonstrated by pull-down experiments using
immobilised protein, which associated with endogenous GABARAP from brain extracts [61].
Moreover, immunofluorescence staining of neuronal cells confirmed a colocalization of both
proteins in punctuate structures, possibly corresponding to a vesicular compartment. We
therefore set out to investigate this interaction in more detail. First of all, SPR measurements
revealed tight binding with a very low off-rate, which prevented regeneration of the chip using
standard protocols, and a dissociation constant of 64 nM. In accordance with these findings,
the 1H15N-HSQC spectrum of GABARAP was altered dramatically after addition of calreticu‐
lin; due to the large decrease in overall signal strength, however, identification of interacting
residues was not feasible by NMR spectroscopy.

To overcome this problem, we resorted to the investigation of smaller calreticulin fragments
for their GABARAP binding capabilities [64]. The three-dimensional structure of full-length
calreticulin has not yet been determined; based on the structure of is paralogue calnexin [65], it
is predicted to consist of N- and C-terminal segments contributing to a globular domain, and
an intermediate part, the so-called P domain (proline rich domain), which forms an arm-like
structure. Since the putative GABARAP binding motif is located at the proximal end of the
proline rich region, we selected both an undecapeptide comprising the core interacting residues
(positions 178 to 188) and the complete arm domain (residues 177 to 288) for this study. First of
all, our measurements indicated an increase in affinity with peptide length: CRT(178-188), the
P domain and full-length calreticulin yielded dissociation constants of 12 µM, 930 nM and 64
nM, respectively. These observations suggest that the undecapeptide does contain the pri‐
mary interaction sites, but the P domain as well as the globular domain of calreticulin pro‐
vide additional contacts. Moreover, replacing the tryptophan in the WDFL motif by alanine
turned out to dramatically reduce the GABARAP affinity of the peptide. These data were
confirmed by NMR experiments, which revealed strong alterations to the GABARAP spec‐
trum after addition of the calreticulin P domain or CRT(178-188), but not of its mutant. Again,
hydrophobic pockets hp1 and hp2 on the GABARAP surface were identified as major bind‐
ing sites for the two calreticulin fragments investigated.

Finally, we determined the three-dimensional structure of the GABARAP-CRT(178-188)
complex (Figure 2, right). The peptide ligand assumes an extended conformation in close
contact to GABARAP, and as expected, the interaction is dominated by apolar contacts
involving hp1 and hp2. The overall orientation of the peptide, however, turned out to differ
substantially from the one found previously for the artificial K1 ligand. Specifically, the central
portion of the peptide establishes main chain hydrogen bonds to strand β2, and therefore
represents an intermolecular extension of the central β-sheet, whereas main chain-main chain
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contacts are virtually absent in the K1 complex. Moreover, it is interesting to note that the
sequence arrangement of hydrophobic ligand residues interacting with hp1 and hp2 is
reversed between the two complexes. Consequently, in CRT(178-188) the tryptophan and
leucine residues of the WDFL motif associate with hp1 and hp2, respectively, while in the K1
peptide the N-terminal of the two tryptophans anchors to hp2.

Despite these differences, complex formation with the calreticulin peptide results in confor‐
mational changes in the GABARAP molecule that are qualitatively similar to those observed
in the K1 complex. Specifically, insertion of apolar side chains into hp1 and hp2 implies a
rearrangement of hydrophobic core residues, leading to outward displacement of helices α2
and α3 to different extents.

Figure 2. Ligand binding mode of GABARAP. Addition of peptides K1 (left) and CRT(178-188) (right) causes significant
alterations in the 1H15N-HSQC spectrum of 15N-GABARAP (top panels). The dosage of unlabelled peptide in each ex‐
periment is given in stoichiometric equivalents (eq.) of the GABARAP amount. Bottom panels illustrate the crystal
structures of the two complexes. The GABARAP molecule is drawn as ribbon model with colouring as introduced in
Figure 1. Ligand peptides are depicted as coil with secondary structure elements marked in dark grey; hydrophobic
side chains contacting the apolar patches of GABARAP are shown in stick mode.

Autophagy - A Double-Edged Sword - Cell Survival or Death?22

Since attempts to cocrystallise GABARAP with full-length calreticulin or its P-domain have
been unsuccessful, we have built a homology model which makes use of available data on the
soluble portion of calnexin [65] and the calreticulin P-domain [66], in addition to the GABAR‐
AP-CRT(178-188) complex structure. The major GABARAP interaction site is located at the N-
terminal junction between the globular domain and the arm domain of calreticulin. While the
corresponding residues appeared to be disordered in the X-ray structure of calnexin, our data
indicate that in calreticulin, at least after binding of GABARAP, this portion protrudes from
the base of the P domain, assuming a well-defined conformation [64].

Although our observations suggest a biological significance of the calreticulin-GABARAP
complex, its precise function has been difficult to define. This is largely due to the seemingly
incompatible subcellular locations of the two molecules. GABARAP is a cytosolic protein
which gets associated with the cytosolic leaflet of intracellular membranes during autopha‐
gosome generation, while calreticulin is well-known as a soluble chaperone of the ER lumen
[67]. In recent years, however, it has become clear that calreticulin is not absolutely restricted
to the ER, but has distinct functions in other cellular compartments, such as the cytosol, the
nucleus and the plasma membrane. Intriguingly, these calreticulin fractions appear to be
derived from the ER pool; export into the cytosol involves a retrotranslocation process that is
distinct from the pathway used for proteasomal degradation of misfolded proteins [68]. Based
on these considerations, several scenarios involving a GABARAP-calreticulin complex may be
envisaged. Inspired by preliminary experimental evidence [69,70], we have speculated that
cytosolic calreticulin may cooperate with GABARAP to enhance transport of N-cadherin to
sites of cell-cell contact at the plasma membrane. Similarly, integrin α subunits have been
demonstrated to contain binding sites for calreticulin [71], and association of α3β1 integrins
with GABA receptors [72] suggests a possible connection with GABARAP. While in both cases
the precise function of the complex still needs to be established, the presence of calreticulin
may introduce calcium dependence to the respective cellular process.

The heavy chain of clathrin is another potential GABARAP interaction partner identified in
our laboratory; it has been found in a database search with the PSSM derived from phage
display results and, independently, in a pull-down experiment [73]. Binding of GABARAP to
a clathrin peptide comprising the proposed interaction motif (residues 510 to 522) was
investigated by NMR spectroscopy. Indeed, addition of CHC(510-522) lead to line broadening
and reduction of peak intensities in 1H15N-HSQC spectra of native GABARAP, indicating a
direct interaction. As with the K1 and CRT(178-188) ligands, the pattern of affected GABARAP
residues suggested that the two hydrophobic pockets constitute the major binding sites.

In accordance with the striking similarity in the modes of GABARAP binding to these ligands,
we found that calreticulin is able to displace the heavy chain of clathrin from the complex.

Clathrin is an important player in the endocytosis of membrane proteins, such as the GA‐
BAA receptor. Since GABARAP is able to interact with both proteins, it seems reasonable to
assume that it might be involved in the regulation of GABAA receptor endocytosis and thus
in the control of receptor numbers at the postsynaptic membrane of neurons.
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demonstrated to contain binding sites for calreticulin [71], and association of α3β1 integrins
with GABA receptors [72] suggests a possible connection with GABARAP. While in both cases
the precise function of the complex still needs to be established, the presence of calreticulin
may introduce calcium dependence to the respective cellular process.

The heavy chain of clathrin is another potential GABARAP interaction partner identified in
our laboratory; it has been found in a database search with the PSSM derived from phage
display results and, independently, in a pull-down experiment [73]. Binding of GABARAP to
a clathrin peptide comprising the proposed interaction motif (residues 510 to 522) was
investigated by NMR spectroscopy. Indeed, addition of CHC(510-522) lead to line broadening
and reduction of peak intensities in 1H15N-HSQC spectra of native GABARAP, indicating a
direct interaction. As with the K1 and CRT(178-188) ligands, the pattern of affected GABARAP
residues suggested that the two hydrophobic pockets constitute the major binding sites.

In accordance with the striking similarity in the modes of GABARAP binding to these ligands,
we found that calreticulin is able to displace the heavy chain of clathrin from the complex.
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One of the earliest reports of physiological GABARAP interaction partners concerned NSF
[36]. As a key component of the membrane fusion machinery, this protein is critically involved
in cellular trafficking of membranes and associated polypeptides. NSF belongs to the AAA
(ATPases associated with various cellular activities) group within the superfamily of Walker-
type ATPases. Enzymes of this class usually form ring-like oligomers; in the case of NSF, a
hexamer is believed to be the physiological state. Each chain folds into three domains, an N-
terminal substrate binding domain (N) which is followed by two ATPase domains (D1 and
D2). Unfortunately, crystal structures are available for the isolated N and D2 domains [74,75],
but not for the full-length protein including the D1 domain. This is important because the
relative orientation of the D1 and D2 domain rings (parallel vs. antiparallel) is still controversial
[76]. In an attempt to investigate the GABARAP-NSF interaction in silico, we first built a
homology model of hexameric NSF [77], using the structure of the related ATPase p97/VCP
[78] as an additional template.

When we switched to an antiparallel orientation of the ATPase domains, our model revealed
that a few hydrophobic side chains at the beginning of the D2 domain became exposed to the
solvent; this site was chosen as an attractor for docking of the GABARAP molecule. Intrigu‐
ingly, a reasonable result was found only if input coordinates of GABARAP were derived from
complexes (such as with the K1 and CRT(178-188) peptides), whereas attempts with unli‐
ganded structures of GABARAP or GATE-16 were unsuccessful, indicating that conforma‐
tional changes similar to those observed previously upon peptide binding are also required
for interaction of Atg8-like proteins with NSF.

In the resulting model, the interface features a hydrophobic core which is flanked by polar
contacts. Besides the apolar side chains residing in the NSF D2 domain, which are mainly in
contact with hp1 residues of GABARAP, the interaction involves additional amino acids in
both ATPase domains, leading to a relatively large surface area (950 Å2) buried upon complex
formation. The important role of the hydrophobic surface of GABARAP in NSF binding was
verified in a pull-down experiment. Here we could demonstrate that a peptide containing the
GABARAP binding motif was able to displace NSF from immobilised GABARAP, whereas a
control peptide was inactive.

Based on the proximity of bound GABARAP to the D1 ATP binding site in our model, we have
speculated that it may regulate ATP binding and/or hydrolysis. It is important to note that for
GATE-16, a stimulating activity on the ATPase activity of NSF has been known for more than
a decade [27]. Besides such direct effects on the enzymatic activity of NSF, association with
lipid-conjugated Atg8 proteins may be required for anchoring this molecular machine to
membranes. In support of this hypothesis, suppression of GABARAP lipidation has been
reported to indeed alter the subcellular localization of NSF [79].

The results of the investigations outlined above, using ligands ranging from small molecule
compounds to medium-sized proteins, have lead to the notion that GABARAP interactions
with a wide variety of binding partners usually conform to a common theme. This paradigm
involves the bipartite hydrophobic site on the surface of GABARAP, which usually accom‐
modates a linear motif of the type fn x/[-] x/[-] Ω x/[-] x/[-] Φ fc (following the convention
outlined in [80]). In this notation, Ω denotes an aromatic side chain, Φ can be any hydrophobic
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residue. The four remaining positions vary considerably, but at least one of these is usually
acidic, thus complementing the basic side chains located in the vicinity of the hydrophobic
patches.

In view of the significant conservation of the respective protein surface, it came at no surprise
that these rules were found to be valid, with slight modifications, for other Atg8 proteins. The
characteristic hydrophobic motif found in yeast Atg8 ligands has been named AIM (Atg8
family interacting motif [81]) whereas for mammalian homologues the term LIR (LC3 inter‐
acting region [82]) is preferred.

Figure 3 visualises the hydrophobic properties and electrostatic potential on the ligand binding
surfaces of GABARAP and other family members. While the fundamental characteristics of
the site are well conserved, these molecules do exhibit differences in detail, which is consistent
with their overlapping yet non-identical spectrum of binding partners. Several examples
illustrating this concept are discussed below. We are currently extending our phage display-
based ligand screening to cover other major family members, aiming at a detailed under‐
standing of their local preferences, which can be correlated with data on relative affinities for
native binding partners.

It is important to note that virtually all structure-related investigations on Atg8-like proteins
have been performed with soluble variants of these molecules, whereas the biologically active
species are the lipid-conjugated forms attached to membranes. In order to investigate the
effects of lipidation, we have used nanodiscs as a model membrane system [83]. Nanodiscs
consist of a lipid bilayer patch which is laterally shielded by an apolipoprotein A-I-derived
scaffold protein. As judged by 1H15N-HSQC experiments, chemical coupling of the GABARAP
C-terminus to nanodisc lipids does not change the overall structure of the molecule. In
particular, the interaction surface comprising hp1 and hp2, which is located opposite to the
membrane attachment site, retains its ligand binding capacity. While these observations
support the general utility of soluble Atg8 proteins in biochemical and biophysical studies, it
seems conceivable that both conformational dynamics and interaction propensities of these
molecules may be affected by membrane attachment to varying extents.

5. Interaction of Atg8-like proteins with the autophagic machinery

Many interaction partners reported in the early years of research on mammalian Atg8
homologues did not bear obvious relation to the autophagy pathway. In the meantime,
however, evidence has accumulated that (1) Atg8 proteins are involved in numerous contacts
with core autophagy components, and (2) these interactions are usually critically dependent
on the hydrophobic motif described above.

5.1. Conjugation enzymes

First and foremost, Atg8 proteins obviously need to interact with the components of their
conjugation machinery, i.e. the cysteine protease Atg4, the E1-like Atg7, the E2-like Atg3 and
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membrane attachment site, retains its ligand binding capacity. While these observations
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5. Interaction of Atg8-like proteins with the autophagic machinery

Many interaction partners reported in the early years of research on mammalian Atg8
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with core autophagy components, and (2) these interactions are usually critically dependent
on the hydrophobic motif described above.

5.1. Conjugation enzymes
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Figure 3. Surface properties of human Atg8 family proteins (LIR interaction sites face-on). Molecular surfaces were
calculated with MSMS [84] and visualised in VMD [85]; hydrophobic patches are highlighted in yellow. Moreover, the
electrostatic potential propagating into the solvent (calculated with ABPS [86], assuming dielectric constants of 1.0
and 80.0 in the protein and solvent regions, respectively) is contoured in blue (2 kBT/e) and red (-2 kBT/e). For ease of
orientation, MAP1LC3B is additionally shown as ribbon diagram. Coordinates were derived from the following PDB
entries: free GABARAP, 1KOT [48] model 2; complexed GABARAP, 3DOW [64]; GATE-16, 1EO6 [41]; MAP1LC3B, 1V49
[38]. The GABARAPL3 structure was built on the SWISS-MODEL server [87], using a GABARAP crystal structure (1GNU
[50]) as template.
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maybe the Atg5-Atg12-Atg16 complex acting as an E3 analogue. The molecular details of Atg8
binding to Atg4 are exemplified by several variants of the mammalian Atg4B-LC3B complex
investigated by X-ray crystallography [88]. In these structures, the β-grasp domain of LC3B is
involved in extensive polar and hydrophobic contacts with Atg4B, while its C-terminal tail
adopts an extended conformation, reaching out into the catalytic centre of the protease. With
respect to the free enzyme [89], the N-terminal segment of Atg4B as well as a regulatory loop,
which occlude the entrance and exit of the catalytic groove, respectively, are moved aside upon
complex formation. Despite its detachment from the catalytic domain, the N-terminus does
not become disordered; via a canonical LIR motif (YDTL), it contacts the hydrophobic grooves
of LC3 in a crystallographically equivalent complex. While experimental evidence supporting
the significance of this interaction is not available at this time, it seems reasonable to assume
that stoichiometric quantities of (possibly lipid-conjugated) Atg8 proteins may promote the
hydrolytic activity of Atg4 on the phagophore membrane.

The mechanism of Atg8 processing by the activating enzyme Atg7 and its transfer to the
conjugating enzyme Atg3 has been independently addressed in three seminal publications
[90-92]. These groups have investigated different subcomplexes, mostly using X-ray crystal‐
lography. Combining biochemical and biophysical evidence, these data allow the structure of
the full Atg7-Atg8-Atg3 assembly to be inferred. A particularly important finding concerns
the functional organization of the Atg7 enzyme. While the initial adenylation of the Atg8 C-
terminus and subsequent transfer to the catalytic cysteine takes place in the C-terminal domain
of Atg7, the unique N-terminal domain of the enzyme, which is not found in canonical E1
proteins, has been found to recruit Atg3 (see below). Based on these observations, Atg7, Atg8
and Atg3 appear to form a complex with 2:2:2 stoichiometry. In this context, Atg7 dimerization
may serve to bring Atg8 bound to the C-terminal domain of one protomer into physical
proximity of Atg3 associated with the N-terminal domain of the second protomer, i.e. exchange
of Atg8 between E1 and E2 components occurs via a trans mechanism.

Intriguingly, C-terminal truncation of Atg7 was found to severely reduce its affinity for Atg8
[91]. Sequence analysis reveals that this segment - in both yeast and human Atg7 - contains a
tryptophan residue along with aliphatic and acidic side chains, but does not match the
canonical AIM/LIR consensus. In accordance with these observations, NMR experiments
indicated that a peptide corresponding to the C-terminal 30 amino acids of Atg7 bound to yeast
Atg8 in an atypical manner, without assuming regular secondary structure [91]. While the
orientation of the peptide in this assembly seems difficult to reconcile with the X-ray structure
of the Atg7-Atg8 complex, available evidence suggests that the hydrophobic pockets of Atg8
do play a crucial role for interaction with the E1-E2 complex.

The crystal structure of yeast Atg3 has been determined, as well [93]. Overall, its fold is
reminiscent of canonical E2 enzymes, but is distinguished by two large insertions. One of these
is an acidic segment which is disordered in the crystal and has been implicated in the associ‐
ation with the Atg7 N-terminal domain. The second insertion forms a long helical extension
followed by a disordered loop which might be involved in binding Atg8, as evidenced by
deletion experiments. Subsequent studies confirmed that the WEDL sequence found in this
region of yeast Atg3 indeed functions as an AIM [94]. Notably, however, the majority of this
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Figure 3. Surface properties of human Atg8 family proteins (LIR interaction sites face-on). Molecular surfaces were
calculated with MSMS [84] and visualised in VMD [85]; hydrophobic patches are highlighted in yellow. Moreover, the
electrostatic potential propagating into the solvent (calculated with ABPS [86], assuming dielectric constants of 1.0
and 80.0 in the protein and solvent regions, respectively) is contoured in blue (2 kBT/e) and red (-2 kBT/e). For ease of
orientation, MAP1LC3B is additionally shown as ribbon diagram. Coordinates were derived from the following PDB
entries: free GABARAP, 1KOT [48] model 2; complexed GABARAP, 3DOW [64]; GATE-16, 1EO6 [41]; MAP1LC3B, 1V49
[38]. The GABARAPL3 structure was built on the SWISS-MODEL server [87], using a GABARAP crystal structure (1GNU
[50]) as template.
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maybe the Atg5-Atg12-Atg16 complex acting as an E3 analogue. The molecular details of Atg8
binding to Atg4 are exemplified by several variants of the mammalian Atg4B-LC3B complex
investigated by X-ray crystallography [88]. In these structures, the β-grasp domain of LC3B is
involved in extensive polar and hydrophobic contacts with Atg4B, while its C-terminal tail
adopts an extended conformation, reaching out into the catalytic centre of the protease. With
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which occlude the entrance and exit of the catalytic groove, respectively, are moved aside upon
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the functional organization of the Atg7 enzyme. While the initial adenylation of the Atg8 C-
terminus and subsequent transfer to the catalytic cysteine takes place in the C-terminal domain
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may serve to bring Atg8 bound to the C-terminal domain of one protomer into physical
proximity of Atg3 associated with the N-terminal domain of the second protomer, i.e. exchange
of Atg8 between E1 and E2 components occurs via a trans mechanism.

Intriguingly, C-terminal truncation of Atg7 was found to severely reduce its affinity for Atg8
[91]. Sequence analysis reveals that this segment - in both yeast and human Atg7 - contains a
tryptophan residue along with aliphatic and acidic side chains, but does not match the
canonical AIM/LIR consensus. In accordance with these observations, NMR experiments
indicated that a peptide corresponding to the C-terminal 30 amino acids of Atg7 bound to yeast
Atg8 in an atypical manner, without assuming regular secondary structure [91]. While the
orientation of the peptide in this assembly seems difficult to reconcile with the X-ray structure
of the Atg7-Atg8 complex, available evidence suggests that the hydrophobic pockets of Atg8
do play a crucial role for interaction with the E1-E2 complex.

The crystal structure of yeast Atg3 has been determined, as well [93]. Overall, its fold is
reminiscent of canonical E2 enzymes, but is distinguished by two large insertions. One of these
is an acidic segment which is disordered in the crystal and has been implicated in the associ‐
ation with the Atg7 N-terminal domain. The second insertion forms a long helical extension
followed by a disordered loop which might be involved in binding Atg8, as evidenced by
deletion experiments. Subsequent studies confirmed that the WEDL sequence found in this
region of yeast Atg3 indeed functions as an AIM [94]. Notably, however, the majority of this
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segment – including the hydrophobic motif – is conserved among various yeast species but is
missing in higher eukaryotes. In accordance with this finding, the AIM of Atg3 appears to be
required for the yeast-specific Cvt pathway, but not for starvation-induced autophagy.

5.2. Autophagic cargo adaptors

While autophagy has been initially described as a mechanism of bulk degradation, serving to
replenish nutrient and energy resources under conditions of stress, accumulating evidence
suggests that specific targeting for autophagic proteolysis plays a crucial role for cellular
homeostasis. Indeed, autophagy has been recognised as the prevalent mechanism for turnover
of long-lived proteins, and is the only available degradation pathway for large protein
aggregates or complete organelles. Specificity is accomplished by a number of autophagy
receptor (or adaptor) proteins which selectively bind certain types of targets and, at the same
time, associate with Atg8-like proteins on the phagophore surface. In yeast cells, a precursor
of aminopeptidase I (prApe1) and α-mannosidase (Ams1) are transported to the lytic com‐
partment via the Cvt or Atg pathways [95], depending on nutrient availability. In this context,
Atg19 is required to link the two hydrolases to Atg8 on the PAS or emerging phagophores [96].
Biochemical evidence and X-ray data revealed that the C-terminus of Atg19 contains an AIM
(WEEL) which interacts with Atg8 in the canonical manner [97].

In mammalian cells, targets of selective autophagy are often tagged by polyubiquitin chains;
examples include protein aggregates, dysfunctional organelles, and pathogens. Accordingly,
the corresponding receptor proteins contain a ubiquitin binding domain in addition to a LIR
motif (WTHL in p62, for instance), which mediates the association with Atg8 orthologues [82].
Again, the X-ray structure of LC3 with a p62 LIR peptide confirmed the expected binding mode
of the ligand, which extends the central β-sheet of LC3 [97]. Similar to the Atg19-Atg8 complex,
acidic residues adjacent to the core binding motif of p62 enhance its affinity for LC3. In humans,
three additional autophagy receptors recognizing ubiquitinated targets have been identified;
while NBR1 (neighbor of BRCA1 gene 1 [98]) is involved in similar functions as p62, NDP52
(nuclear dot protein of 52 kDa [99]) and optineurin [100] are required for the elimination of
intracellular bacteria (discussed below).

Finally, the mitochondrial outer membrane protein Atg32 promotes mitophagy in yeast cells
via direct association with Atg8 [101], and in mammalian erythrocytes, Nix (Nip-like protein
x) has been ascribed a similar function [102].

In recent years, the role of autophagy in non-adaptive pathogen defence has attracted consid‐
erable attention. It is now well-established that removal of cytoplasmic bacteria is critically
dependent on autophagy receptors, such as p62, optineurin and NDP52. In the context of this
review, the latter two are particularly noteworthy since they illustrate two remarkable
variations to the paradigm of Atg8 protein complexes. The optineurin sequence contains a LIR
motif (FVEI) which is immediately preceded by a serine residue (S177). Upon recruitment of
the protein to ubiquitinated Salmonella enterica, S177 gets phosphorylated by TANK binding
kinase 1 (TBK1), resulting in a significant enhancement in affinity for LC3 and thus improved
efficiency of microbial clearance [100,103]. As expected, the effect of serine phosphorylation
could be mimicked by substitution with acidic residues, thus confirming the concept of

Autophagy - A Double-Edged Sword - Cell Survival or Death?28

negative charges favouring LIR-mediated interactions. The presence of serine residues
upstream of LIR motifs in other autophagy receptors suggests that this type of regulation may
not be restricted to optineurin. NDP52, on the other hand, has a dual function in pathogen
defence. Similar to p62 and optineurin, it is able to recognise polyubiquitin chains on the
surface of cytosolic bacteria, but it is also recruited by Galectin-8 which acts as a sensor of
endosomal damage [104]. The most intriguing property of this protein, however, is its clear
preference for LC3C over all other members of the Atg8 family [55]. Indeed, the LC3C-NDP52
interaction appears to be essential for removal of cytosolic Salmonella, since in its absence other
autophagy receptors are not efficiently recruited to the pathogen. This peculiar function is
mirrored by some remarkable findings in the structure of the complex. While the interaction
surface of LC3C is highly conserved with respect to other family members (enabling interaction
with general autophagy receptors like p62), it appears to be skewed towards binding of the
stunted LIR sequence of NDP52. This motif (LVV), which the authors term CLIR, leaves the
hp1 site unoccupied, whereas the first and third residues together interact with a relatively
flat hp2. Moreover, the CLIR β-strand is rotated with respect to the canonical orientation,
allowing for optimised main chain hydrogen bonding [55].

5.3. Signalling components

A particularly interesting facet of the Atg8 family interactome concerns the autophagic initiator
complex centred around the kinase Atg1/ULK, which is critical for the onset of autophagy
under most circumstances. The first report proposing an interaction of GABARAP and
GATE-16 with mammalian ULK1 dates back to 2000 [56]; these authors already mapped the
binding site to the proline/serine rich domain of the kinase. Several recent contributions have
provided more insight into the molecular details as well as the biological significance of this
interaction in different organisms. Specifically, in yeast a fraction of cellular Atg1 was found
to be included in autophagosomes, leading to degradation in the vacuole [7]. Subsequent
investigations revealed that this pathway was dependent on Atg1 binding to Atg8; indeed, the
interaction is mediated by a canonical AIM (YVVV) located in the proline/serine rich domain
of Atg1 [105]. Similar results were reported for mammalian ULK1 [106]; here, the authors
provided evidence that Atg13, owing to its affinity for Atg1, is co-transported to the degrada‐
tive compartment. Finally, it has been shown that functional LIR motifs are, in fact, present in
both mammalian Atg13 and FIP200, in addition to ULK1/2 [107]. It is interesting to note that
all three proteins display a clear preference for GABARAP and its closest relatives over
members of the LC3 subfamily. The authors of this study used synthetic peptide arrays for
precise mapping of the interaction sites on ULK1/2, Atg13 and FIP200, yielding minimal LIR
sequences DFVMV, DFVMI and DFETI, respectively.

Taken together, these reports have demonstrated that Atg1/ULK engages in a specific inter‐
action with Atg8 proteins which is conserved during evolution from yeast to higher eukar‐
yotes. In addition, they consistently found that membrane association of the kinase (mediated
by Atg8) is required for efficient autophagosome formation. This has lead to the intriguing
hypothesis that Atg8 proteins may form scaffolds supporting the organisation of the auto‐
phagic initiator complex [107]. On the other hand, their results differ in several respects, e.g.
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segment – including the hydrophobic motif – is conserved among various yeast species but is
missing in higher eukaryotes. In accordance with this finding, the AIM of Atg3 appears to be
required for the yeast-specific Cvt pathway, but not for starvation-induced autophagy.

5.2. Autophagic cargo adaptors

While autophagy has been initially described as a mechanism of bulk degradation, serving to
replenish nutrient and energy resources under conditions of stress, accumulating evidence
suggests that specific targeting for autophagic proteolysis plays a crucial role for cellular
homeostasis. Indeed, autophagy has been recognised as the prevalent mechanism for turnover
of long-lived proteins, and is the only available degradation pathway for large protein
aggregates or complete organelles. Specificity is accomplished by a number of autophagy
receptor (or adaptor) proteins which selectively bind certain types of targets and, at the same
time, associate with Atg8-like proteins on the phagophore surface. In yeast cells, a precursor
of aminopeptidase I (prApe1) and α-mannosidase (Ams1) are transported to the lytic com‐
partment via the Cvt or Atg pathways [95], depending on nutrient availability. In this context,
Atg19 is required to link the two hydrolases to Atg8 on the PAS or emerging phagophores [96].
Biochemical evidence and X-ray data revealed that the C-terminus of Atg19 contains an AIM
(WEEL) which interacts with Atg8 in the canonical manner [97].

In mammalian cells, targets of selective autophagy are often tagged by polyubiquitin chains;
examples include protein aggregates, dysfunctional organelles, and pathogens. Accordingly,
the corresponding receptor proteins contain a ubiquitin binding domain in addition to a LIR
motif (WTHL in p62, for instance), which mediates the association with Atg8 orthologues [82].
Again, the X-ray structure of LC3 with a p62 LIR peptide confirmed the expected binding mode
of the ligand, which extends the central β-sheet of LC3 [97]. Similar to the Atg19-Atg8 complex,
acidic residues adjacent to the core binding motif of p62 enhance its affinity for LC3. In humans,
three additional autophagy receptors recognizing ubiquitinated targets have been identified;
while NBR1 (neighbor of BRCA1 gene 1 [98]) is involved in similar functions as p62, NDP52
(nuclear dot protein of 52 kDa [99]) and optineurin [100] are required for the elimination of
intracellular bacteria (discussed below).

Finally, the mitochondrial outer membrane protein Atg32 promotes mitophagy in yeast cells
via direct association with Atg8 [101], and in mammalian erythrocytes, Nix (Nip-like protein
x) has been ascribed a similar function [102].

In recent years, the role of autophagy in non-adaptive pathogen defence has attracted consid‐
erable attention. It is now well-established that removal of cytoplasmic bacteria is critically
dependent on autophagy receptors, such as p62, optineurin and NDP52. In the context of this
review, the latter two are particularly noteworthy since they illustrate two remarkable
variations to the paradigm of Atg8 protein complexes. The optineurin sequence contains a LIR
motif (FVEI) which is immediately preceded by a serine residue (S177). Upon recruitment of
the protein to ubiquitinated Salmonella enterica, S177 gets phosphorylated by TANK binding
kinase 1 (TBK1), resulting in a significant enhancement in affinity for LC3 and thus improved
efficiency of microbial clearance [100,103]. As expected, the effect of serine phosphorylation
could be mimicked by substitution with acidic residues, thus confirming the concept of
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negative charges favouring LIR-mediated interactions. The presence of serine residues
upstream of LIR motifs in other autophagy receptors suggests that this type of regulation may
not be restricted to optineurin. NDP52, on the other hand, has a dual function in pathogen
defence. Similar to p62 and optineurin, it is able to recognise polyubiquitin chains on the
surface of cytosolic bacteria, but it is also recruited by Galectin-8 which acts as a sensor of
endosomal damage [104]. The most intriguing property of this protein, however, is its clear
preference for LC3C over all other members of the Atg8 family [55]. Indeed, the LC3C-NDP52
interaction appears to be essential for removal of cytosolic Salmonella, since in its absence other
autophagy receptors are not efficiently recruited to the pathogen. This peculiar function is
mirrored by some remarkable findings in the structure of the complex. While the interaction
surface of LC3C is highly conserved with respect to other family members (enabling interaction
with general autophagy receptors like p62), it appears to be skewed towards binding of the
stunted LIR sequence of NDP52. This motif (LVV), which the authors term CLIR, leaves the
hp1 site unoccupied, whereas the first and third residues together interact with a relatively
flat hp2. Moreover, the CLIR β-strand is rotated with respect to the canonical orientation,
allowing for optimised main chain hydrogen bonding [55].

5.3. Signalling components

A particularly interesting facet of the Atg8 family interactome concerns the autophagic initiator
complex centred around the kinase Atg1/ULK, which is critical for the onset of autophagy
under most circumstances. The first report proposing an interaction of GABARAP and
GATE-16 with mammalian ULK1 dates back to 2000 [56]; these authors already mapped the
binding site to the proline/serine rich domain of the kinase. Several recent contributions have
provided more insight into the molecular details as well as the biological significance of this
interaction in different organisms. Specifically, in yeast a fraction of cellular Atg1 was found
to be included in autophagosomes, leading to degradation in the vacuole [7]. Subsequent
investigations revealed that this pathway was dependent on Atg1 binding to Atg8; indeed, the
interaction is mediated by a canonical AIM (YVVV) located in the proline/serine rich domain
of Atg1 [105]. Similar results were reported for mammalian ULK1 [106]; here, the authors
provided evidence that Atg13, owing to its affinity for Atg1, is co-transported to the degrada‐
tive compartment. Finally, it has been shown that functional LIR motifs are, in fact, present in
both mammalian Atg13 and FIP200, in addition to ULK1/2 [107]. It is interesting to note that
all three proteins display a clear preference for GABARAP and its closest relatives over
members of the LC3 subfamily. The authors of this study used synthetic peptide arrays for
precise mapping of the interaction sites on ULK1/2, Atg13 and FIP200, yielding minimal LIR
sequences DFVMV, DFVMI and DFETI, respectively.

Taken together, these reports have demonstrated that Atg1/ULK engages in a specific inter‐
action with Atg8 proteins which is conserved during evolution from yeast to higher eukar‐
yotes. In addition, they consistently found that membrane association of the kinase (mediated
by Atg8) is required for efficient autophagosome formation. This has lead to the intriguing
hypothesis that Atg8 proteins may form scaffolds supporting the organisation of the auto‐
phagic initiator complex [107]. On the other hand, their results differ in several respects, e.g.
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concerning the significance of LIR motifs in additional components of the complex and the
contribution of autophagy versus proteasomal degradation to cellular turnover of the kinase.
These inconsistencies are likely to reflect species differences.

In order to define the importance of individual positions in the linear binding motifs found in
ULK1, Atg13 and FIP200, Alemu et al. performed complete mutational analyses of the core
sequences and their immediate environment. Combining these data with a compilation of
published Atg8 binding sequences, they arrived at the consensus [D,E] [D,E,S,T] [W,F,Y]
[D,E,L,I,V] x [I,L,V] [107]. This pattern is in excellent agreement with our results obtained by
screening phage-displayed peptide libraries with GABARAP [61,63,73] and other family
members (unpublished observations). In particular, it highlights the requirement for acidic
side chains preceding the aromatic anchoring residue, which was confirmed by our investi‐
gations of GABARAP binding partners calreticulin [61], clathrin [73], and Bcl-2 (P. Ma et al.,
in revision).

Another previously unexpected interaction partner of Atg8 family proteins is ERK8 (extrac‐
ellular signal-regulated kinase 8, also known as MAPK15). This MAP kinase is atypical in that
it is not involved in a MAPKKK-MAPKK-MAPK cascade; instead, different stimuli, including
starvation, appear to induce autophosphorylation of ERK8, resulting in kinase activation.
Indeed, it was found to localise to autophagic membranes and to stimulate lipidation of Atg8-
like proteins as well as autophagosome formation. These functions depend on the presence of
a LIR motif (YQMI) in the C-terminal portion of the kinase [108]. In analogy to the Atg1/ULK
complexes discussed above, this interaction might serve to recruit the MAP kinase to the
surface of emerging phagophores or autophagosomes, where it may encounter potential
substrates.

6. Linking autophagy to apoptosis signalling

Autophagy and apoptosis are recognised as fundamental cellular response programs sup‐
porting both normal development and adaptation to stress in multicellular organisms; their
impact on the individual cell, however, is often antithetic: while apoptosis is, by definition, a
process of controlled shut-down and removal of a cell, autophagy is directed towards sus‐
taining its viability. The latter is accomplished by either removing potentially harmful
structures, such as damaged organelles, aggregates, or pathogens, or by degrading dispensable
material to compensate for nutrient or energy deprivation.

In recent years, evidence has accumulated in support of coordinated regulation of autophagy
and apoptosis, particularly under conditions of stress. Several modulators acting in both
processes have been identified, the most prominent being Bcl-2 (B-cell lymphoma 2). Besides
its well-known function as an apoptosis inhibitor, which is largely based on sequestration of
its pro-apoptotic siblings Bax and Bak on the mitochondrial outer membrane, it was found to
interact with the autophagy regulator Beclin 1 (reviewed in [109]). As an activator of the class
III PI3K Vps34, Beclin 1 is involved in the initiation of autophagy. Bcl-2 (as well as Bcl-xL)
binds to the BH3 (Bcl-2 homology 3) region of Beclin 1, thus preventing it from promoting
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Vps34 activity. In the presence of autophagic stimuli such as starvation, however, Beclin 1 is
released from Bcl-2, resulting in activation of the PI3K and hence phagophore formation.

Research in our laboratory has added Atg8 homologues to the list of interaction partners of
Bcl-2 family proteins, thus expanding the potential connections between autophagy and
apoptosis pathways.

Among the matches returned in database searches with the PSSM for GABARAP binders was
a sequence in the N-terminal part of the Nix protein [110]. Nix is a member of a pro-apoptotic
subclass of Bcl-2 proteins characterised by the presence of BH1, BH2 and BH3 sequence motifs,
as well as a C-terminal membrane anchor. Its interaction with GABARAP in vitro could indeed
be confirmed by SPR measurements using either a synthetic peptide or the complete cyto‐
plasmic portion of the molecule (NixΔC), yielding a dissociation constant of approx. 100 µM.
Despite this relatively low affinity, the complex was detectable in co-immunoprecipitation
experiments using cell extracts, and immunofluorescence staining revealed significant
colocalization, predominantly in the perinuclear region. The residues of GABARAP involved
in this interaction were probed by NMR spectroscopy. Titration of 15N-GABARAP with NixΔC
revealed alterations of numerous resonances in 1H15N-HSQC spectra. As expected, the residues
most strongly affected by ligand binding mapped to the hydrophobic pockets hp1 and hp2,
once again confirming the wide-spread adoption of this interaction paradigm.

Recent data have brought forward an interesting variation to this universal theme. During our
investigation of the GABARAP-Nix complex, we set out to explore the influence of Bcl-2, which
was anticipated to interact with Nix. Unexpectedly, Bcl-2 was found to exhibit significant
GABARAP affinity as well, although a canonical binding motif was clearly absent (P. Ma et al.,
in revision). Due to the low solubility of native Bcl-2, we used a chimeric construct containing a
segment of Bcl-xL in place of the long α1-α2 loop. Indeed, this modified Bcl-2 molecule bound
to GABARAP with higher affinity than Nix (KD = 25 µM). Mapping of the interacting residues
via NMR spectroscopy revealed that Bcl-2 utilises an incomplete binding motif in its BH4 region
to contact the hp1 site of GABARAP. Again, the significance of this complex in vivo is support‐
ed by co-immunoprecipitation and colocalization studies. Monitoring the cellular amounts of
Atg8-like proteins by Western blotting,  we found that  Bcl-2  overexpression significantly
decreased the fraction of lipidated GABARAP, whereas LC3 was unaffected. Concomitantly,
the interaction of GABARAP with Atg4B was also reduced, indicating that Bcl-2 may seques‐
ter GABARAP, preventing it from entering the conjugation pathway.

It is interesting to note that Nix and Bcl-2 display distinct preferences for the members of the
Atg8 family. In addition to all GABARAP-like proteins, Nix shows significant affinity for
LC3A, but not LC3B [102]. Bcl-2, on the other hand, has a much more restricted spectrum of
interactions, including GABARAP and its close relative GEC1, but not GATE-16 or LC3A/B.

7. Biological function and diversity

For about 15 years, Atg8 has been known to be essential for efficient autophagosome formation
in yeast [Lang 1998]. In higher metazoans such as mammals, the interpretation of gene deletion
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concerning the significance of LIR motifs in additional components of the complex and the
contribution of autophagy versus proteasomal degradation to cellular turnover of the kinase.
These inconsistencies are likely to reflect species differences.

In order to define the importance of individual positions in the linear binding motifs found in
ULK1, Atg13 and FIP200, Alemu et al. performed complete mutational analyses of the core
sequences and their immediate environment. Combining these data with a compilation of
published Atg8 binding sequences, they arrived at the consensus [D,E] [D,E,S,T] [W,F,Y]
[D,E,L,I,V] x [I,L,V] [107]. This pattern is in excellent agreement with our results obtained by
screening phage-displayed peptide libraries with GABARAP [61,63,73] and other family
members (unpublished observations). In particular, it highlights the requirement for acidic
side chains preceding the aromatic anchoring residue, which was confirmed by our investi‐
gations of GABARAP binding partners calreticulin [61], clathrin [73], and Bcl-2 (P. Ma et al.,
in revision).

Another previously unexpected interaction partner of Atg8 family proteins is ERK8 (extrac‐
ellular signal-regulated kinase 8, also known as MAPK15). This MAP kinase is atypical in that
it is not involved in a MAPKKK-MAPKK-MAPK cascade; instead, different stimuli, including
starvation, appear to induce autophosphorylation of ERK8, resulting in kinase activation.
Indeed, it was found to localise to autophagic membranes and to stimulate lipidation of Atg8-
like proteins as well as autophagosome formation. These functions depend on the presence of
a LIR motif (YQMI) in the C-terminal portion of the kinase [108]. In analogy to the Atg1/ULK
complexes discussed above, this interaction might serve to recruit the MAP kinase to the
surface of emerging phagophores or autophagosomes, where it may encounter potential
substrates.

6. Linking autophagy to apoptosis signalling

Autophagy and apoptosis are recognised as fundamental cellular response programs sup‐
porting both normal development and adaptation to stress in multicellular organisms; their
impact on the individual cell, however, is often antithetic: while apoptosis is, by definition, a
process of controlled shut-down and removal of a cell, autophagy is directed towards sus‐
taining its viability. The latter is accomplished by either removing potentially harmful
structures, such as damaged organelles, aggregates, or pathogens, or by degrading dispensable
material to compensate for nutrient or energy deprivation.

In recent years, evidence has accumulated in support of coordinated regulation of autophagy
and apoptosis, particularly under conditions of stress. Several modulators acting in both
processes have been identified, the most prominent being Bcl-2 (B-cell lymphoma 2). Besides
its well-known function as an apoptosis inhibitor, which is largely based on sequestration of
its pro-apoptotic siblings Bax and Bak on the mitochondrial outer membrane, it was found to
interact with the autophagy regulator Beclin 1 (reviewed in [109]). As an activator of the class
III PI3K Vps34, Beclin 1 is involved in the initiation of autophagy. Bcl-2 (as well as Bcl-xL)
binds to the BH3 (Bcl-2 homology 3) region of Beclin 1, thus preventing it from promoting
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Vps34 activity. In the presence of autophagic stimuli such as starvation, however, Beclin 1 is
released from Bcl-2, resulting in activation of the PI3K and hence phagophore formation.

Research in our laboratory has added Atg8 homologues to the list of interaction partners of
Bcl-2 family proteins, thus expanding the potential connections between autophagy and
apoptosis pathways.

Among the matches returned in database searches with the PSSM for GABARAP binders was
a sequence in the N-terminal part of the Nix protein [110]. Nix is a member of a pro-apoptotic
subclass of Bcl-2 proteins characterised by the presence of BH1, BH2 and BH3 sequence motifs,
as well as a C-terminal membrane anchor. Its interaction with GABARAP in vitro could indeed
be confirmed by SPR measurements using either a synthetic peptide or the complete cyto‐
plasmic portion of the molecule (NixΔC), yielding a dissociation constant of approx. 100 µM.
Despite this relatively low affinity, the complex was detectable in co-immunoprecipitation
experiments using cell extracts, and immunofluorescence staining revealed significant
colocalization, predominantly in the perinuclear region. The residues of GABARAP involved
in this interaction were probed by NMR spectroscopy. Titration of 15N-GABARAP with NixΔC
revealed alterations of numerous resonances in 1H15N-HSQC spectra. As expected, the residues
most strongly affected by ligand binding mapped to the hydrophobic pockets hp1 and hp2,
once again confirming the wide-spread adoption of this interaction paradigm.

Recent data have brought forward an interesting variation to this universal theme. During our
investigation of the GABARAP-Nix complex, we set out to explore the influence of Bcl-2, which
was anticipated to interact with Nix. Unexpectedly, Bcl-2 was found to exhibit significant
GABARAP affinity as well, although a canonical binding motif was clearly absent (P. Ma et al.,
in revision). Due to the low solubility of native Bcl-2, we used a chimeric construct containing a
segment of Bcl-xL in place of the long α1-α2 loop. Indeed, this modified Bcl-2 molecule bound
to GABARAP with higher affinity than Nix (KD = 25 µM). Mapping of the interacting residues
via NMR spectroscopy revealed that Bcl-2 utilises an incomplete binding motif in its BH4 region
to contact the hp1 site of GABARAP. Again, the significance of this complex in vivo is support‐
ed by co-immunoprecipitation and colocalization studies. Monitoring the cellular amounts of
Atg8-like proteins by Western blotting,  we found that  Bcl-2  overexpression significantly
decreased the fraction of lipidated GABARAP, whereas LC3 was unaffected. Concomitantly,
the interaction of GABARAP with Atg4B was also reduced, indicating that Bcl-2 may seques‐
ter GABARAP, preventing it from entering the conjugation pathway.

It is interesting to note that Nix and Bcl-2 display distinct preferences for the members of the
Atg8 family. In addition to all GABARAP-like proteins, Nix shows significant affinity for
LC3A, but not LC3B [102]. Bcl-2, on the other hand, has a much more restricted spectrum of
interactions, including GABARAP and its close relative GEC1, but not GATE-16 or LC3A/B.

7. Biological function and diversity

For about 15 years, Atg8 has been known to be essential for efficient autophagosome formation
in yeast [Lang 1998]. In higher metazoans such as mammals, the interpretation of gene deletion
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experiments is complicated by the presence of several paralogues. Indeed, knockout mice
lacking GABARAP do not show a marked phenotype [111], supporting the concept that
significant functional redundancy might exist among Atg8 family members. In a series of
elegant experiments, Weidberg et al. used siRNA pools targeting all members of a given
subfamily. Their results indicated that the LC3 group (LC3A, LC3B, LC3C) is required for
expansion of the phagophore membrane, whereas GABARAP and its relatives (GEC1 and
GATE-16) are involved in a later stage, possibly closure of the phagophore to form a complete
autophagosome [112].

What are the molecular foundations of this functional diversification? To answer this question,
we need to consider the two fundamental activities ascribed to Atg8 family proteins in the
context of autophagy. First of all, these molecules are well-established as binding partners of
core autophagy components and adaptor proteins; as a result, they have been implicated not
only in recruitment of specific cargo destined for degradation, but also in the organization of
functional multi-protein complexes. By virtue of their reversible membrane association, they
are perfectly suited for this type of regulated scaffolding function. As outlined above, the
binding specificities may differ markedly between members of the two subfamilies, depending
on the interaction partner. The components of the ULK1/2 complex, for instance, clearly prefer
GABARAP-like over LC3-like proteins [107], and current evidence suggests that Atg1/ULK is
not only involved in the initiation stage, but also exerts important functions on the phagophore
membrane [105,106]. Conversely, the adaptor protein FYCO1 (FYVE and coiled-coil domain-
containing protein 1), which links autophagosomes to the microtubule cytoskeleton, displays
a strong preference for LC3 [113]. Among all Atg8/LC3 binding proteins identified to date, the
most restricted scope has been found for NDP52. While most ubiquitin-directed autophagy
receptors (p62, NBR1 and optineurin) interact with both GABARAP and LC3 subfamily
proteins [82,98,100], NDP52 has been found to exclusively bind LC3C (discussed above). In
general terms, these examples illustrate the great flexibility of the Atg8 interaction framework,
which – despite its apparent simplicity – can be tuned to achieve any level of specificity. Indeed,
LC3C appears to be unusual in several respects. While it has traditionally received less
attention, recent evidence indicates that it exerts functions which are non-redundant with or
even contrary to conventional LC3 proteins. In addition to its role in microbial clearance, it has
been ascribed a unique anti-carcinogenic activity. Specifically, experiments with kidney cancer
cells revealed that the von Hippel-Lindau (VHL) protein regulates LC3B and LC3C expression
in opposite ways, with LC3B promoting tumour growth and LC3C suppressing it [114]. While
it is tempting to speculate that this striking observation is related to differential recruitment
of critical autophagy targets, the identity of these cargoes is still elusive.

A second activity of Atg8 proteins was reported by Nakatogawa et al. back in 2007. Using a
reconstituted conjugation system, they showed that lipidated Atg8 is able to mediate tethering
and even hemifusion of vesicle membranes [115]. The finding that (1) Atg8-PE, unlike the non-
conjugated protein, forms oligomers, and (2) Atg8-decorated vesicles did not associate with
bare ones led to the conclusion that the fusogenic effect was mediated by homotypic protein-
protein interaction. More recently, the membrane tethering and fusion capabilities of the
mammalian Atg8 orthologues have been investigated. Indeed, GATE-16 and LC3B, repre‐
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senting the two subfamilies, were both confirmed to possess these activities when conjugated
to liposomes [116]. Truncation experiments indicated that the short N-terminal α-helix (α1)
plays an important role in fusogenicity. Intriguingly, the two Atg8 molecules tested in this
study appear to employ different mechanisms to accomplish a similar effect: while in LC3B,
two arginines (R10, R11) were found to be critical for membrane fusion, the same function was
attributed to hydrophobic residues W3 and M4 in GATE-16. It is important to note that these
authors postulated a direct protein-lipid interaction as an essential step in membrane fusion.
The relevance of these findings is supported by transfection experiments: in both yeast and
mammalian cells, expression of mutant Atg8 proteins which are defective in membrane
tethering or fusion results in severely compromised autophagosome biogenesis. It should be
noted, however, that the role of Atg8 in membrane fusion has been challenged by a series of
elegant experiments, in which the effects of lipidated Atg8 and LC3 were separated from the
bilayer-destabilizing properties of the PE lipid itself [117]. It turned out that with PE fractions
found in cellular membranes, Atg8 proteins do possess membrane tethering activity, but are
unable to initiate fusion. These observations are at variance with the results of Weidberg et al.
[116], who used a similar lipid composition; the reasons for these discrepancies are currently
unclear. Notably, accumulating evidence suggests that components of the conventional

Figure 4. Schematic overview of the functions of GABARAP and LC3 subfamily proteins in mammalian cells. Activities
which are essential for the autophagy pathway are highlighted by grey and yellow shading, signifying the involve‐
ment of protein-protein and protein-lipid interactions, respectively. Additional functions relevant for certain aspects of
autophagy (in case of LC3C) or implicated in unrelated pathways (for GABARAP subfamily members) are indicated as
well. See text for details.
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membrane fusion machinery, such as SNARE proteins and NSF, play an important role in
autophagosome biogenesis [117,118]. In summary, these results support a model in which Atg8
and its homologues act as a “glue” promoting the aggregation of membrane structures, e.g. at
the edge of an expanding phagophore, while the actual fusion process is mediated by a
SNARE-based system.

Figure 4 summarises the concepts outlined above regarding the biological functions of the two
Atg8 protein subfamilies found in mammalian cells.

8. Conclusions and outlook

During the past decade, the three-dimensional structures of all major members of the Atg8
family have been determined, and a wealth of biochemical and biophysical data on their
functional properties has accumulated. Despite these great advances, our understanding of
structure and biology of these proteins is far from complete. Three aspects will continue to
require significant attention: First of all, the mechanistic details and functional implications of
the growing number of molecular interactions identified for Atg8 proteins need to be defined
more clearly. This includes what is probably the most ambiguous facet of these proteins: their
proposed fusogenic potential and their relation to and interplay with the conventional
membrane fusion machinery.

Second, recent reports have highlighted the involvement of previously unexpected regulatory
mechanisms affecting Atg8 proteins. For instance, it appears that LC3A can be phosphorylated
by protein kinase A at a site (S12) which is conserved in other LC3 variants. Upon induction of
autophagy, this residue is dephosphorylated, correlating with increased association with
autophagic membranes [119]. Similarly, acetylation of Atg3 has been found to promote
autophagy by increasing the processing of Atg8 in yeast [120].

Last but not least, while the diversification of the family in higher eukaryotes is likely to reflect
both redundancy and functional specialization, the individual roles of these paralogues in
autophagy are only beginning to emerge. The situation is confounded by the fact that several
(maybe all) members of the family are involved in processes without direct relation to
autophagy, implying an independent pattern of functional overlap. These issues need to be
addressed by careful cell biological studies, involving knock-down of Atg8 proteins either
individually or in groups, and monitoring of various cellular functions.

As the important implications of autophagy for human health and disease have become more
and more obvious, therapeutic strategies targeting this pathway are now being developed. In
this context, it should be noted that the functional differentiation of the mammalian Atg8
family may ultimately prove fortunate in terms of pharmacological interference, since it may
allow targeting a specific function associated with a single member without globally disturbing
the vital autophagy pathway.

Given the astonishing versatility of these proteins and the number of unresolved questions to
be addressed, additional exciting twists are certainly to be expected.
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1. Introduction

Rab proteins constitute a subfamily of small GTPases that play important roles in the spatio‐
temporal regulation of intracellular vesicle transport [1-3]. Rab GTPases represent a large
family of small guanosine triphosphate (GTP)-binding proteins that comprise more than 60
known members. In mammalian cells, it is well established that different Rab proteins localize
on distinct membrane-bound compartments, where they regulate multiple steps in membrane
traffic, including vesicle budding, fusion, and movement, through cycling between an inactive
guanosine diphosphate (GDP)-bound form and an active GTP-bound form [3]. Guanine
nucleotide exchange factor (GEF) shifts GTPase from its inactive GDP-bound form to its active
GTP-bound form, while GTPase activating domain protein (GAP) inactivates GTPase [Figure
1]. Many structural and biological studies have shown that specific amino acid mutation can
make possible to keep Rab GTPase in its GDP-bound form or GTP-bound form; therefore,
expression of GDP-bound form or GTP-bound form could imitate its function [3].

Autophagy is a degradation pathway that delivers cytoplasmic components and intracellular
organelles at random and/or in a selective manner to lysosomes via doubled-membrane
organelles called autophagosomes [4]. Although autophagy is induced by exposure of cells to
nutrient- or growth factor-deprived medium, it also occurs at basal levels in most tissues and
contributes to the routine turnover of cytoplasmic materials. So far, in the process of the
formation of autophagosomes, many mammalian homologues of yeast ATG (autophagy-
related) genes have been identified and extensively characterized, demonstrating that the
molecular machinery of autophagy has been conserved from yeasts to mammals [5]. Analyses
of the Atg proteins have identified two ubiquitin-like conjugation systems that are required
for autophagosome formation [6]. Among these proteins, Atg5 and LC3 (a mammalian
homolog of Atg8) have been analyzed in more detail. An Atg12-Atg5 conjugate is necessary
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1. Introduction

Rab proteins constitute a subfamily of small GTPases that play important roles in the spatio‐
temporal regulation of intracellular vesicle transport [1-3]. Rab GTPases represent a large
family of small guanosine triphosphate (GTP)-binding proteins that comprise more than 60
known members. In mammalian cells, it is well established that different Rab proteins localize
on distinct membrane-bound compartments, where they regulate multiple steps in membrane
traffic, including vesicle budding, fusion, and movement, through cycling between an inactive
guanosine diphosphate (GDP)-bound form and an active GTP-bound form [3]. Guanine
nucleotide exchange factor (GEF) shifts GTPase from its inactive GDP-bound form to its active
GTP-bound form, while GTPase activating domain protein (GAP) inactivates GTPase [Figure
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expression of GDP-bound form or GTP-bound form could imitate its function [3].
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formation of autophagosomes, many mammalian homologues of yeast ATG (autophagy-
related) genes have been identified and extensively characterized, demonstrating that the
molecular machinery of autophagy has been conserved from yeasts to mammals [5]. Analyses
of the Atg proteins have identified two ubiquitin-like conjugation systems that are required
for autophagosome formation [6]. Among these proteins, Atg5 and LC3 (a mammalian
homolog of Atg8) have been analyzed in more detail. An Atg12-Atg5 conjugate is necessary
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for elongation of the isolation membrane on its outer side [7]. ProLC3 is processed by Atg4, a
cystein protease, to a cytosolic form, LC3-I, exposing a carboxyl terminal glycine [8]. LC3-I is
subsequently activated by the E1-like protein Atg7, and conjugates phosphatidylethanolamine
to its C-terminal glycine via the E2-like enzyme Atg3, producing a membrane-bound form,
LC3-II [9]. LC3-II localizes on the isolation membrane and the autophagosome membrane
[10,11]. Because the amount of LC3-II correlates with the number of autophagosomes,
detection of LC3-II by Western blotting can be used to measure autophagic activity. In addition,
dot-like or ring-like staining of LC3 in immunofluorescence is widely utilized as a specific
marker of the formation of autophagosomes.

Akin to the involvement of Rab proteins in vesicle transport processes, there is a growing body
of evidence that many Rab proteins, such as Rab7, Rab9, Rab11, Rab24, Rab32, and Rab33,
function in the formation and/or maturation of autophagic vacuoles. Each of these Rab proteins
localizes to distinct intracellular compartments and thereby appears to be involved in a distinct
step of autophagic flux. In this chapter, we focus on the roles of these Rab proteins in the
regulation of the autophagic process.

2. Rab7 GTPase and autophagy

2.1. Rab7 GTPase and autophagosome maturation

Rab7 is a member of the Rab family, which is involved in vesicle transport from early endo‐
somes to late endosomes/lysosomes as well as lysosome biogenesis [12, 13]. Rab7 is also

Figure 1. The Rab switch

Autophagy - A Double-Edged Sword - Cell Survival or Death?48

implicated in the fusion between autophagosomes and lysosomes, i.e., autophagosome
maturation [14-16]. Rab7 wild-type (WT) and active-forms of Rab7 (Rab7Q67L) are associated
with ring-shaped vesicles labeled with the autofluorescent compound monodansylcadaverine
(MDC), which is preferentially incorporated into mature autophagosomes and autolysosomes,
and with LC3, which preferentially labels immature autophagosomes, indicating the associa‐
tion of Rab7 with autophagic vesicles [14]. On the other hand, overexpression of the inactive
form of Rab7 (Rab7T22N) causes a marked increase in the size of MDC- and LC3-positive
vesicles and the number of LC3-positive vesicles, but reduces the number of MDC-positive
vesicles, indicating that the inactive-form of Rab7 impaired the fusion between autophagic
vacuoles and lysosomes. Similar results were also obtained in cells depleted of Rab7 by RNAi
[15]. Collectively, these results suggest that Rab7 is not essential for the initial step of auto‐
phagosome maturation, but is involved in the final step of the maturation of late autophagic
vacuoles, possibly in the fusion with lysosomes [14, 15]. Interestingly, Rab7T22N that was
diffusely localized in the cytoplasm under nutrient-rich conditions was redistributed to the
membrane of MDC-positive vacuoles by amino acid starvation or by rapamycin treatment [14].
Thus, Rab7 is targeted to the autophagosomal membranes by a TOR (target of rapamycin)-
kinase signal transduction mechanism in response to starvation.

SNARE proteins and the class C Vps (C-Vps) complex as well as Rab7 have been implicated
in mammalian autophagy. In Saccharomyces cerevisiae, the fusion of autophagosomes and
vacuoles is assumed to proceed in an identical manner to that of endocytic fusion, depending
on SNARE proteins, Rab GTPase Ypt7, the yeast ortholog of mammalian Rab7, and its GEF,
C-Vps tethering complex, all of which are known as regulators of the endocytic pathway
[17-19]. Interestingly, while Rab7 and the C-Vps complex component Vps16 are essential for
endocytic fusion with lysosomes, Rab7 but not Vps16 is required for complete autophagy flux
in an autophagy induced by thapsigargin, an inhibitor of the sarco/ER Ca2+ ATPase [20];
therefore, autophagosomal-lysosomal fusion might be controlled by a molecular mechanism
distinct from general endocytic fusion.

During autophagy, autophagosomes fuse with lysosomes to degrade materials within them
by lysosomal hydrolases. So far, little is known about the fate of autolysosomes. Recently, it
has been shown that mTOR regulates the termination of autophagy and reformation of
lysosomes [21]. When cells are exposed to starvation, mTOR is inhibited, leading to the
autophagy induction; however, prolonged starvation causes reactivation of mTOR and this
reactivation generates proto-lysosomal tubules and vesicles from autolysosomal membranes
to reform into functional lysosomes. Interestingly, the dissociation of Rab7 from autolyso‐
somes is required for the reformation of lysosomes, and overexpression of the active form of
Rab7 results in the accumulation of enlarged autolysosomes [21]; therefore, mTOR might
regulate the reformation of lysosomes from autolysosomes via Rab7.

2.2. Rab7 GTPase and pathogen-containing autophagosome

Many pathogens are sequestered in phagosomes and fated to be degraded, since these
phagosomes undergo a process of maturation, fusing with lysosomes [22, 23]; however, some
pathogens reside in vacuoles that interact with other organelles, such as mitochondria, ER and
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distinct from general endocytic fusion.
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regulate the reformation of lysosomes from autolysosomes via Rab7.

2.2. Rab7 GTPase and pathogen-containing autophagosome

Many pathogens are sequestered in phagosomes and fated to be degraded, since these
phagosomes undergo a process of maturation, fusing with lysosomes [22, 23]; however, some
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Golgi, while others escape from phagosomes or remain in vacuoles that neither acidify nor
fuse with lysosomes [24]. In contrast, Coxiella burnetii bacteria, the agent of Q fever in humans
and of coxiellosis in other animals, live and replicate in acidified compartments with phago‐
lysosomal characteristics. Lysosomal membrane proteins and enzymes are found in vacuoles
containing C. burnetii [25]. In HeLa cells infected with C. burnetii, vacuoles containing these
parasites and labeled with acidotropic probe LysoTracker were also labeled with MDC and
LC3. Moreover, 3-methyladenine and wortmannin, known as reagents to inhibit the early stage
of autophagosome formation, blocked the development of Coxiella-containing vacuoles [26].
These results suggest that Coxiella-containing vacuoles interact with the autophagic degrada‐
tion pathway. Interestingly, exogenously expressed wild-type Rab7 and the active form of
Rab7 colocalize with Coxiella-containing vacuoles, whereas the inactive form of Rab7 does not.
This indicates that Rab7 associates with the biogenesis of Coxiella-containing vacuoles [26].
Also, the initial formation of Group A streptococcus-containing autophagosome-like vacuoles
is prevented by expression of the inactive form of Rab7 or downregulation of Rab7 expression
with RNAi, suggesting that Rab7 is required for the early stage of the formation of Group A
streptococcus-containing autophagosome-like vacuoles [27].

2.3. Rab7 GTPase and interaction molecules

Rubicon (Run domain protein as Beclin 1 interacting and cysteine-rich containing) is a
component of the class III phosphatidylinositol 3-kinase (PI3KC3) complex. PI3KC3 forms two
protein subcomplexes that localize to autophagosomes or early endosomes and perform
distinct functions. The autophagosomal subcomplex consists of the PI3KC3 core complex
(hVps34, p150/Vps15, and Beclin 1) and Atg14L [28]. Atg14L is the targeting factor for this
complex to the early stage of autophagosomes. The endosomal complex is composed of the
PI3KC3 core complex, UV irradiation resistance-associated gene (UVRAG) and Rubicon.
UVRAG activates PI3KC3 and is needed to mature autophagosomes and endosomes through
its direct interaction [29]. UVRAG also interacts with C-Vps, and this interaction accelerates
autophagosome recruitment and activation of Rab7, which facilitates autophagosome matu‐
ration [30]. On the other hand, Rubicon specifically interacts with Rab7 through the common
C-terminal domain, called a regulator of G-protein signaling homology (RH) domain but not
RUN domain (for RPIP8, UNC-14, and NESCA) to inhibit autophagosome maturation [31,
32]. The overexpressed active form of Rab7 competed with UVRAG for Rubicon binding much
more efficiently than the inactive form of Rab7 [31]. Thus, Rubicon is a negative regulator of
autophagosome maturation. Interestingly, Rubicon homologue, PLEKHM1, which contains
an RH domain, specifically interacted with Rab7, and this interaction is important for their
function [32]. In contrast to Rubicon, PLEKHM1 does not directly suppress autophagosome
maturation. Rubicon, but not PLEKHM1, also interacted with the Beclin 1-PI3-kinase complex
[32]. Rubicon functions to regulate the endocytic and autophagic pathways under the control
of the association with Beclin 1-PI3-kinase complex or Rab7.

Phosphatidylinositol-3-phosphate (PI3P) is essential for autophagosome formation. Although
the PI3P function in autophagy is unknown, it is already considered that effector proteins
containing the FYVE (Fab1/YOTB/Vac1/EEA1) domain or PX (phox) domain are recruited to
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and activated on PI3P-enriched membranes. Recently, FYCO1 was identified as a novel protein
interacting with LC3, Rab7, and PI3P [33]. FYCO1 interacts with Rab7 and PI3P via part of the
coiled-coil domain and FYVE domain, respectively. Overexpression of FYCO1 redistributes
LC3, Rab7, and ORP1L, a Rab7 effector protein, to the cell periphery in a microtubule-
dependent manner [33]. In contrast, FYCO1 depletion leads to the accumulation of perinuclear
clustering autophagosomes, indicating that FYCO1 binds to PI3P via its FYVE domain and
functions as a Rab7 and LC3 effector molecule with microtubules plus end-directed transport.

3. Rab9 GTPase and autophagy

Rab9 GTPase resides in late endosomes, in which Rab7 localizes in a distinct microdomain,
and plays a role in vesicle transport from late endosomes to the TGN [34]. Rab9 depletion using
siRNA decreased the size of late endosomes and reduced the number of late endosomes/
lysosomes, which were clustered in the perinuclear region [35], implying that Rab9 is associ‐
ated with the maintenance of late endosomes/lysosomes.

Generally, it has been believed that Atg5 and Atg7 are essential for mammalian autophagy [36,
37]. In contrast, mouse embryonic fibroblasts deficient in Atg5 or Atg7 can still form autopha‐
gosomes and autophagic flux can function when exposed to autophagy-inducible stress
conditions, and the lipidation of LC3 (autophagosome membrane-bound form) is also
dispensable for this Atg5-/Atg7-independent autophagy [38]. Interestingly, in this alternative
process of autophagy, but not in Atg5/Atg7-dependent conventional autophagy, the formation
of autophagosomes seemed to be regulated in a Rab9-dependent manner by the fusion of
isolation membranes with the TGN- and late endosome-derived vesicles [38]. In fact, the
localization of Rab9 to autolysosomes was slightly increased with the active form of Rab9
(Rab9Q66L), but decreased with the dominant-negative form of Rab9 (Rab9S21N). Addition‐
ally, Rab9 silencing by siRNA decreased the number of autophagosomes but induced the
accumulation of isolation membranes [38]. Thus, Rab9 plays a significant role in Atg5-/Atg7-
independent autophagy.

4. Rab11 GTPase and autophagy

Rab11 has been shown to associate with perinuclear recycling endosomes and regulate
transferrin recycling in CHO or BHK cells [39]; however, in K562, an erythroleukemic cell line,
Rab11 localizes at MVBs, which are equivalent to late endosomes and are released into the
extracellular space as so-called exosomes [40]. Overexpression of wild-type Rab11 and its
active-form mutant produced large MVBs. Induction of autophagy by starvation or mTOR
inhibitor rapamycin significantly increased the fusion between MVBs and autophagosomes
[41]. This fusion was disturbed by the Ca2+ chelator BAPTA-AM and by the expression of the
inactive form of Rab11 [41], indicating that the fusion of MVB with autophagosomes is a
calcium- and Rab11 activity-dependent event.

Rab GTPases in Autophagy
http://dx.doi.org/10.5772/54578

51



Golgi, while others escape from phagosomes or remain in vacuoles that neither acidify nor
fuse with lysosomes [24]. In contrast, Coxiella burnetii bacteria, the agent of Q fever in humans
and of coxiellosis in other animals, live and replicate in acidified compartments with phago‐
lysosomal characteristics. Lysosomal membrane proteins and enzymes are found in vacuoles
containing C. burnetii [25]. In HeLa cells infected with C. burnetii, vacuoles containing these
parasites and labeled with acidotropic probe LysoTracker were also labeled with MDC and
LC3. Moreover, 3-methyladenine and wortmannin, known as reagents to inhibit the early stage
of autophagosome formation, blocked the development of Coxiella-containing vacuoles [26].
These results suggest that Coxiella-containing vacuoles interact with the autophagic degrada‐
tion pathway. Interestingly, exogenously expressed wild-type Rab7 and the active form of
Rab7 colocalize with Coxiella-containing vacuoles, whereas the inactive form of Rab7 does not.
This indicates that Rab7 associates with the biogenesis of Coxiella-containing vacuoles [26].
Also, the initial formation of Group A streptococcus-containing autophagosome-like vacuoles
is prevented by expression of the inactive form of Rab7 or downregulation of Rab7 expression
with RNAi, suggesting that Rab7 is required for the early stage of the formation of Group A
streptococcus-containing autophagosome-like vacuoles [27].

2.3. Rab7 GTPase and interaction molecules

Rubicon (Run domain protein as Beclin 1 interacting and cysteine-rich containing) is a
component of the class III phosphatidylinositol 3-kinase (PI3KC3) complex. PI3KC3 forms two
protein subcomplexes that localize to autophagosomes or early endosomes and perform
distinct functions. The autophagosomal subcomplex consists of the PI3KC3 core complex
(hVps34, p150/Vps15, and Beclin 1) and Atg14L [28]. Atg14L is the targeting factor for this
complex to the early stage of autophagosomes. The endosomal complex is composed of the
PI3KC3 core complex, UV irradiation resistance-associated gene (UVRAG) and Rubicon.
UVRAG activates PI3KC3 and is needed to mature autophagosomes and endosomes through
its direct interaction [29]. UVRAG also interacts with C-Vps, and this interaction accelerates
autophagosome recruitment and activation of Rab7, which facilitates autophagosome matu‐
ration [30]. On the other hand, Rubicon specifically interacts with Rab7 through the common
C-terminal domain, called a regulator of G-protein signaling homology (RH) domain but not
RUN domain (for RPIP8, UNC-14, and NESCA) to inhibit autophagosome maturation [31,
32]. The overexpressed active form of Rab7 competed with UVRAG for Rubicon binding much
more efficiently than the inactive form of Rab7 [31]. Thus, Rubicon is a negative regulator of
autophagosome maturation. Interestingly, Rubicon homologue, PLEKHM1, which contains
an RH domain, specifically interacted with Rab7, and this interaction is important for their
function [32]. In contrast to Rubicon, PLEKHM1 does not directly suppress autophagosome
maturation. Rubicon, but not PLEKHM1, also interacted with the Beclin 1-PI3-kinase complex
[32]. Rubicon functions to regulate the endocytic and autophagic pathways under the control
of the association with Beclin 1-PI3-kinase complex or Rab7.

Phosphatidylinositol-3-phosphate (PI3P) is essential for autophagosome formation. Although
the PI3P function in autophagy is unknown, it is already considered that effector proteins
containing the FYVE (Fab1/YOTB/Vac1/EEA1) domain or PX (phox) domain are recruited to

Autophagy - A Double-Edged Sword - Cell Survival or Death?50

and activated on PI3P-enriched membranes. Recently, FYCO1 was identified as a novel protein
interacting with LC3, Rab7, and PI3P [33]. FYCO1 interacts with Rab7 and PI3P via part of the
coiled-coil domain and FYVE domain, respectively. Overexpression of FYCO1 redistributes
LC3, Rab7, and ORP1L, a Rab7 effector protein, to the cell periphery in a microtubule-
dependent manner [33]. In contrast, FYCO1 depletion leads to the accumulation of perinuclear
clustering autophagosomes, indicating that FYCO1 binds to PI3P via its FYVE domain and
functions as a Rab7 and LC3 effector molecule with microtubules plus end-directed transport.

3. Rab9 GTPase and autophagy

Rab9 GTPase resides in late endosomes, in which Rab7 localizes in a distinct microdomain,
and plays a role in vesicle transport from late endosomes to the TGN [34]. Rab9 depletion using
siRNA decreased the size of late endosomes and reduced the number of late endosomes/
lysosomes, which were clustered in the perinuclear region [35], implying that Rab9 is associ‐
ated with the maintenance of late endosomes/lysosomes.

Generally, it has been believed that Atg5 and Atg7 are essential for mammalian autophagy [36,
37]. In contrast, mouse embryonic fibroblasts deficient in Atg5 or Atg7 can still form autopha‐
gosomes and autophagic flux can function when exposed to autophagy-inducible stress
conditions, and the lipidation of LC3 (autophagosome membrane-bound form) is also
dispensable for this Atg5-/Atg7-independent autophagy [38]. Interestingly, in this alternative
process of autophagy, but not in Atg5/Atg7-dependent conventional autophagy, the formation
of autophagosomes seemed to be regulated in a Rab9-dependent manner by the fusion of
isolation membranes with the TGN- and late endosome-derived vesicles [38]. In fact, the
localization of Rab9 to autolysosomes was slightly increased with the active form of Rab9
(Rab9Q66L), but decreased with the dominant-negative form of Rab9 (Rab9S21N). Addition‐
ally, Rab9 silencing by siRNA decreased the number of autophagosomes but induced the
accumulation of isolation membranes [38]. Thus, Rab9 plays a significant role in Atg5-/Atg7-
independent autophagy.

4. Rab11 GTPase and autophagy

Rab11 has been shown to associate with perinuclear recycling endosomes and regulate
transferrin recycling in CHO or BHK cells [39]; however, in K562, an erythroleukemic cell line,
Rab11 localizes at MVBs, which are equivalent to late endosomes and are released into the
extracellular space as so-called exosomes [40]. Overexpression of wild-type Rab11 and its
active-form mutant produced large MVBs. Induction of autophagy by starvation or mTOR
inhibitor rapamycin significantly increased the fusion between MVBs and autophagosomes
[41]. This fusion was disturbed by the Ca2+ chelator BAPTA-AM and by the expression of the
inactive form of Rab11 [41], indicating that the fusion of MVB with autophagosomes is a
calcium- and Rab11 activity-dependent event.

Rab GTPases in Autophagy
http://dx.doi.org/10.5772/54578

51



Rab GTPase activity is controlled by GEF and GAP. Thirty-eight putative RabGAPs with a
Tre-2/Bub2/Cdc16 (TBC) domain have been identified [43]. Recently, it was thought that
RabGAP might be associated not only with the cellular endomembrane system but also with
autophagy. In fact, TBC1D5 is identified as an interacting partner of LC3 and retromer complex
and regulates the autophagy pathway and retrograde transport of cation-independent
mannose 6-phosphate receptor from endosomes to the TGN [44]. Another RabGAP, TBC1D14,
can bind a mammalian homologue of Atg1p ULK1, as can Rab11, and disrupts recycling
endosome traffic [45]. Furthermore, under starvation conditions, TBC1D14 and Rab11
modulate the membrane transport from recycling endosomes to generate autophagosomes.
TBC1D14 overexpression caused the tubulation of ULK1- and Rab11-positive recycling
endosomes irrespective of nutrition conditions, impairing their function and preventing
autophagosome formation [45]. However, the tubulation of recycling endosomes induced by
the expression of TBC1D14 was dependent on Rab11 expression, since Rab11 depletion using
siRNA gave rise to a loss of tubules and a diffuse distribution of TBC1D14 throughout the
cytosol [45]. Amino acid-deprived starvation caused TBC1D14 relocation from recycling
endosomes to Golgi, while the ULK1- and LC3-positive recycling endosome membrane was
incorporated into the forming autophagosomes [45]. Thus, TBC1D14- and Rab11-dependent
membrane transport from recycling endosomes participates in and controls starvation-
induced autophagy.

5. Rab24 GTPase and autophagy

Rab24 is localized to perinuclear reticular structures that partially colocalize with marker
proteins for ER, cis-Golgi, and ER-Golgi intermediate compartments [46]. Under starvation
conditions, Rab24 relocated to large vesicles, where LC3 was localized. The appearance of these
vesicles was enhanced in the presence of vinblastin, an agent that disrupts microtubules and
prevents fusion of autophagosomes with lysosomes [46]. Interestingly, since no such distri‐
bution change was observed in cells expressing the mutant Rab24S67L that introduced the
mutation into the GTP-binding motif, normally functioning Rab24 protein appears to be
required for the formation of autophagosomes in response to starvation. Coxiella burnetii
survives and replicates in MDC- and LC3-positive phagolysosomal compartments and Rab7
participates in the formation of Coxiella-containing vacuoles [26]. Overexpression of Rab24 or
LC3 also accelerated the occurrence of Coxiella-containing vacuoles early after infection [47].
The expression of the Rab24 mutant (Rab24S67L), which does not localize to autophagosomes,
significantly reduced the number and size of the phagolysosomal structures, although the
inhibitory effect was not enduring but mutant expression delayed the generation of phagoly‐
sosomes [47]. Taken together, these results suggest that overexpression of proteins involved
in the autophagic pathway, such as Rab24, increases the development of phagolysosomes for
Coxiella replication.

Rab24 is also supposed to contribute to the degradation of aggregated proteins in rat cardiac
myocytes. Glucose deprivation induced the formation of aggregates and aggresomes of
polyubiquitinated proteins, and then they colocalized with exogenously expressing green
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fluorescent protein (GFP) tagged-LC3 and endogenous Rab24 [48]. Autophagy induced by
glucose deprivation seemed to depend on the reactive oxygen species, because the treatment
with N-acetylcysteine prevented aggresome formation and autophagy [48]. These results
might imply that glucose deprivation induces oxidative stress, which is involved in aggresome
formation and autophagy via Rab24 in cardiac myocytes.

6. Rab32 GTPase and autophagy

Mouse Rab32 and Rab38 operate in a functionally redundant manner in regulating skin
melanocyte pigmentation and regulate post-Golgi trafficking of tyrosinase and tyrosinase-
related protein 1, thereby suggesting their critical roles in melanosome maturation [49]. In
Xenopus melanophores, Rab32 is involved in the regulation of melanosome transport by cAMP-
dependent protein kinase A [50]. Although Rab32 is expressed in most human tissues [51], little
is known about the physiological roles of Rab32 in tissues and cells other than melanocytes.

6.1. Rab32 GTPase and constitutive autophagy

Rab32 is supposed to localize to ER [52] and ER and mitochondria [53]. We showed previously
that Rab32 participates in constitutive autophagy in HeLa cells derived from cervical cancer
[52]. The expressed wild-type or GTP-bound active form of human Rab32 was primarily
localized to the ER. Interestingly, overexpression of the wild-type or active form of Rab32
induced the formation of autophagic vacuoles containing LC3, the ER-resident protein
calnexin and late endosomal/lysosomal membrane protein LAMP-2 even under nutrient-rich
conditions. Moreover, the localization of Rab32 to ER was necessary for the formation of
autophagosomes [52], because the expression of a mutant Rab32 deleted two cysteine residues
that are essential for association with the membrane, impaired autophagy vacuole formation
[50]. There is a long-standing debate concerning from where the autophagosomal membrane
is derived. So far, two possibilities have been proposed: it arises from pre-existing organelles,
such as the ER or Golgi, or from de novo formation [54]. Our findings mentioned above
postulate, therefore, that Rab32 facilitates the formation of autophagic vacuoles whose
membranes are derived from the ER. In addition, expression of the inactive form of Rab32 or
depletion of Rab32 expression by siRNA caused the formation of p62 and ubiquitinated
protein-accumulating aggresomes and prevented constitutive autophagy [52]. Thus, these
results imply the physiological importance of Rab32 in the cellular clearance of aggregated
proteins by basal constitutive autophagy.

As well as Rab7, Rab32 also seems to participate in phagosome maturation in pathogen-
induced autophagic degradation by infection with Salmonella enterica serovar Typhimurium [55]
or Mycobacterium tuberculosis [56], especially in the recruitment of lysosomal enzyme cathepsin
D to phagosomes containing M. tuberculosis [56]. Rab32 and some other Rabs localized to M.
tuberculosis-containing phagosomes transiently, and the expression of the inactive form of
Rab32 showed the impairment of its recruitment to phagosomes [56], but had no effect on
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Rab GTPase activity is controlled by GEF and GAP. Thirty-eight putative RabGAPs with a
Tre-2/Bub2/Cdc16 (TBC) domain have been identified [43]. Recently, it was thought that
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fluorescent protein (GFP) tagged-LC3 and endogenous Rab24 [48]. Autophagy induced by
glucose deprivation seemed to depend on the reactive oxygen species, because the treatment
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might imply that glucose deprivation induces oxidative stress, which is involved in aggresome
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Xenopus melanophores, Rab32 is involved in the regulation of melanosome transport by cAMP-
dependent protein kinase A [50]. Although Rab32 is expressed in most human tissues [51], little
is known about the physiological roles of Rab32 in tissues and cells other than melanocytes.

6.1. Rab32 GTPase and constitutive autophagy

Rab32 is supposed to localize to ER [52] and ER and mitochondria [53]. We showed previously
that Rab32 participates in constitutive autophagy in HeLa cells derived from cervical cancer
[52]. The expressed wild-type or GTP-bound active form of human Rab32 was primarily
localized to the ER. Interestingly, overexpression of the wild-type or active form of Rab32
induced the formation of autophagic vacuoles containing LC3, the ER-resident protein
calnexin and late endosomal/lysosomal membrane protein LAMP-2 even under nutrient-rich
conditions. Moreover, the localization of Rab32 to ER was necessary for the formation of
autophagosomes [52], because the expression of a mutant Rab32 deleted two cysteine residues
that are essential for association with the membrane, impaired autophagy vacuole formation
[50]. There is a long-standing debate concerning from where the autophagosomal membrane
is derived. So far, two possibilities have been proposed: it arises from pre-existing organelles,
such as the ER or Golgi, or from de novo formation [54]. Our findings mentioned above
postulate, therefore, that Rab32 facilitates the formation of autophagic vacuoles whose
membranes are derived from the ER. In addition, expression of the inactive form of Rab32 or
depletion of Rab32 expression by siRNA caused the formation of p62 and ubiquitinated
protein-accumulating aggresomes and prevented constitutive autophagy [52]. Thus, these
results imply the physiological importance of Rab32 in the cellular clearance of aggregated
proteins by basal constitutive autophagy.

As well as Rab7, Rab32 also seems to participate in phagosome maturation in pathogen-
induced autophagic degradation by infection with Salmonella enterica serovar Typhimurium [55]
or Mycobacterium tuberculosis [56], especially in the recruitment of lysosomal enzyme cathepsin
D to phagosomes containing M. tuberculosis [56]. Rab32 and some other Rabs localized to M.
tuberculosis-containing phagosomes transiently, and the expression of the inactive form of
Rab32 showed the impairment of its recruitment to phagosomes [56], but had no effect on
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phagosomal fusion with lysosomes [55]. Therefore, these results imply that Rab32 regulates
the recruitment of cathepsin D to the phagosomes.

6.2. Rab32 GTPase and interaction molecules

Recently, it has been reported that, in Drosophila, Rab32 colocalized with LysoTracker labeling
lysosomes and GFP-Atg8 (LC3 homologue), indicating that Rab32 is localized at lysosomes
and/or autophagosomes during programmed autophagy for metamorphosis to differentiate
the fat body, salivary gland, and midgut [57]. Previously, Ma et al. reported that the Claret
encoded by claret, a member of the granule group eye color genes [58], coprecipitated not only
with Rab-RP1, a Rab GTPase encoded by Drosophila lightoid, but also with its human homo‐
logues, Rab32 and Rab38 [59]. Furthermore, the autophagosome formation was impaired in
Rab32/lightoid mutants and Rab32 GEF/claret mutants, suggesting that Rab32 activity is
required for the autophagic process of the fat body [57]. Previously, it has been suggested that
autophagy impairment reduces lipid accumulation and impairs adipocytes differentiation in
mice [60, 61]. In fact, downregulation of autophagy in Drosophila led to a decrease in the size
of lipid droplets in atg-related genes in knocked down Drosophila fat body cells [57]; therefore,
Rab32 appears to regulate lipid storage by controlling autophagy. Another report showed that
Rab32 is upregulated in the epidermis and midgut during metamorphosis in Helicoverpa
armigera [62], suggesting that Rab32 may participate in organeogenesis in insects.

In addition to GEF, a GAP for Rab32, RUTBC1, was identified [63]. RUTBC1 is a TBC domain-
containing protein that binds to Rab9A in a nucleotide binding-state-dependent manner both
in vitro and in vivo but has no GAP activity for Rab9A [63]; however, RUTBC1 acts as a GAP
for Rab32 and Rab33B, and its TBC domain stimulates GTP hydrolysis [63]. Therefore, RUTBC1
may function in the autophagy process, as both Rab32 and Rab33B are suggested to be
regulatory factors of autophagy.

6.3. Rab32 GTPase and disease

Recently, RAB32 and IL23R (interleukin receptor 23) were identified as susceptibility genes for
leprosy in a genome-wide association study [64], although IL23R was previously reported to
be a gene involved in Crohn’s disease [65]. Leprosy, also known as Hansen’s disease, is a
chronic granulomatous infectious disease caused by Mycobacterium leprae, which affects both
peripheral nerves and mucosa of the upper respiratory tract. As Rab32 participates in regu‐
lating the recruitment of cathepsin D to phagosomes containing M. tuberculosis [56], referred
to above, Rab32 may have function in the pathogenesis of leprosy, such as host defense against
M. leprae infection.

7. Rab33 GTPase and autophagy

Rab33 has two isoforms, Rab33A and Rab33B. Rab33B is expressed ubiquitously, although
Rab33A is expressed exclusively in the brain and cells of the immune system [66]. Rab33B is
localized at the Golgi apparatus [67], although Rab33A also targets dense-core vesicles in
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neuroendocrine cells, not only in the Golgi [68]. It has been shown that both Rab33A and
Rab33B interact with Atg16L, which associates with Atg5-12 complex on an isolation mem‐
brane for the duration of autophagosome formation and is essential for canonical autophagy
[69]. These interactions occur in a GTP-dependent manner [70]. Expression of the active form
of Rab33B induced the lipidation of LC3 even under nutrient-rich conditions, but this was not
caused by the blockage of autophagic degradation [70]. Furthermore, this form of Rab33B
inhibited constitutive autophagy, but not starvation-induced autophagy, as judged by the
degradation of p62/SQSTM1, a substrate of autophagy [70]. The precise reason for this
dysfunction is unknown, but it is possible to speculate that the active form of Rab33B recruits
Atg5-12/16L complex to incorrect membranes because no obvious large LC3 dots were
observed in cells expressing this mutant. Rab33B has another interaction partner, OATL1, a
RabGAP, which can bind LC3 [71]. Rab33B seems to be a target substrate of OATL1 and to be
involved in the fusion between autophagosomes and lysosomes. Overexpression of the wild-
type or active form of Rab33B inhibits the fusion between autophagosomes and lysosomes,
because OATL1 inactivates Rab33B as a GAP protein, and this inhibition leads to the blockade
of autophagic flux. In fact, the expression of the active form of Rab33B increased the amount
of LC3-II as previously reported [70], but did not show the colocalization of lysosomal
membrane protein LAMP-1 with LC3-positive dots [71], suggesting that autophagosomes in
the active form of Rab33B-expressing cells cannot efficiently fuse with lysosomes. Very
recently, it was revealed that Atg16L interacts with Rab33A and that this interaction is required
for the dense-core vesicle localization of Atg16L in neuroendocrine PC12 cells [72]. Knockdown
of endogenous Atg16L in PC12 cells caused marked inhibition of hormone secretion inde‐
pendently of autophagic activity [72], indicating that Atg16L controls autophagy in all cell
types as well as secretion from dense-core vesicles, presumably by acting as a Rab33A effector,
in neuroendocrine cells.

8. Conclusion

Based on the results of a large body of research, regulation of autophagy by Rab proteins could
be loosely classified into two types, (i) autophagosome formation or (ii) autophagosome
maturation (i.e. the fusion of autophagosomes with lysosomes) [Figure 2]. We assumed that
Rab7, Rab9, and Rab11 could be sorted into type (ii) profile, and Rab24, Rab32 and Rab33 into
type (i). Autophagy indicates not only the sequestration of materials into autophagosomes but
also the degradation by lysosomal enzymes. Therefore, Rab proteins associated with the fusion
step of autophagosomes with lysosomes have a fatal role in autophagic flux, and Rabs also
trigger autophagosome formation. Type (ii)-categorized Rab proteins are mostly localized at
late endosomes and play a role in membrane traffic to lysosomes, recycling endosomes or TGN.
It is conceivable that they are involved in autophagosome maturation, because late endosomes,
TGN, recycling endosomes, or Golgi-derived vesicles fuse with lysosomes routinely [73]. So
far, no clear result has shown that Rab24 and Rab33 directly associate with the formation of
autophagosomes except for Rab32, which is associated with ER and/or mitochondria and is
regarded as a key factor for the supply to autophagosome formation [52]. However, it could
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phagosomal fusion with lysosomes [55]. Therefore, these results imply that Rab32 regulates
the recruitment of cathepsin D to the phagosomes.

6.2. Rab32 GTPase and interaction molecules

Recently, it has been reported that, in Drosophila, Rab32 colocalized with LysoTracker labeling
lysosomes and GFP-Atg8 (LC3 homologue), indicating that Rab32 is localized at lysosomes
and/or autophagosomes during programmed autophagy for metamorphosis to differentiate
the fat body, salivary gland, and midgut [57]. Previously, Ma et al. reported that the Claret
encoded by claret, a member of the granule group eye color genes [58], coprecipitated not only
with Rab-RP1, a Rab GTPase encoded by Drosophila lightoid, but also with its human homo‐
logues, Rab32 and Rab38 [59]. Furthermore, the autophagosome formation was impaired in
Rab32/lightoid mutants and Rab32 GEF/claret mutants, suggesting that Rab32 activity is
required for the autophagic process of the fat body [57]. Previously, it has been suggested that
autophagy impairment reduces lipid accumulation and impairs adipocytes differentiation in
mice [60, 61]. In fact, downregulation of autophagy in Drosophila led to a decrease in the size
of lipid droplets in atg-related genes in knocked down Drosophila fat body cells [57]; therefore,
Rab32 appears to regulate lipid storage by controlling autophagy. Another report showed that
Rab32 is upregulated in the epidermis and midgut during metamorphosis in Helicoverpa
armigera [62], suggesting that Rab32 may participate in organeogenesis in insects.

In addition to GEF, a GAP for Rab32, RUTBC1, was identified [63]. RUTBC1 is a TBC domain-
containing protein that binds to Rab9A in a nucleotide binding-state-dependent manner both
in vitro and in vivo but has no GAP activity for Rab9A [63]; however, RUTBC1 acts as a GAP
for Rab32 and Rab33B, and its TBC domain stimulates GTP hydrolysis [63]. Therefore, RUTBC1
may function in the autophagy process, as both Rab32 and Rab33B are suggested to be
regulatory factors of autophagy.

6.3. Rab32 GTPase and disease

Recently, RAB32 and IL23R (interleukin receptor 23) were identified as susceptibility genes for
leprosy in a genome-wide association study [64], although IL23R was previously reported to
be a gene involved in Crohn’s disease [65]. Leprosy, also known as Hansen’s disease, is a
chronic granulomatous infectious disease caused by Mycobacterium leprae, which affects both
peripheral nerves and mucosa of the upper respiratory tract. As Rab32 participates in regu‐
lating the recruitment of cathepsin D to phagosomes containing M. tuberculosis [56], referred
to above, Rab32 may have function in the pathogenesis of leprosy, such as host defense against
M. leprae infection.

7. Rab33 GTPase and autophagy

Rab33 has two isoforms, Rab33A and Rab33B. Rab33B is expressed ubiquitously, although
Rab33A is expressed exclusively in the brain and cells of the immune system [66]. Rab33B is
localized at the Golgi apparatus [67], although Rab33A also targets dense-core vesicles in
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neuroendocrine cells, not only in the Golgi [68]. It has been shown that both Rab33A and
Rab33B interact with Atg16L, which associates with Atg5-12 complex on an isolation mem‐
brane for the duration of autophagosome formation and is essential for canonical autophagy
[69]. These interactions occur in a GTP-dependent manner [70]. Expression of the active form
of Rab33B induced the lipidation of LC3 even under nutrient-rich conditions, but this was not
caused by the blockage of autophagic degradation [70]. Furthermore, this form of Rab33B
inhibited constitutive autophagy, but not starvation-induced autophagy, as judged by the
degradation of p62/SQSTM1, a substrate of autophagy [70]. The precise reason for this
dysfunction is unknown, but it is possible to speculate that the active form of Rab33B recruits
Atg5-12/16L complex to incorrect membranes because no obvious large LC3 dots were
observed in cells expressing this mutant. Rab33B has another interaction partner, OATL1, a
RabGAP, which can bind LC3 [71]. Rab33B seems to be a target substrate of OATL1 and to be
involved in the fusion between autophagosomes and lysosomes. Overexpression of the wild-
type or active form of Rab33B inhibits the fusion between autophagosomes and lysosomes,
because OATL1 inactivates Rab33B as a GAP protein, and this inhibition leads to the blockade
of autophagic flux. In fact, the expression of the active form of Rab33B increased the amount
of LC3-II as previously reported [70], but did not show the colocalization of lysosomal
membrane protein LAMP-1 with LC3-positive dots [71], suggesting that autophagosomes in
the active form of Rab33B-expressing cells cannot efficiently fuse with lysosomes. Very
recently, it was revealed that Atg16L interacts with Rab33A and that this interaction is required
for the dense-core vesicle localization of Atg16L in neuroendocrine PC12 cells [72]. Knockdown
of endogenous Atg16L in PC12 cells caused marked inhibition of hormone secretion inde‐
pendently of autophagic activity [72], indicating that Atg16L controls autophagy in all cell
types as well as secretion from dense-core vesicles, presumably by acting as a Rab33A effector,
in neuroendocrine cells.

8. Conclusion

Based on the results of a large body of research, regulation of autophagy by Rab proteins could
be loosely classified into two types, (i) autophagosome formation or (ii) autophagosome
maturation (i.e. the fusion of autophagosomes with lysosomes) [Figure 2]. We assumed that
Rab7, Rab9, and Rab11 could be sorted into type (ii) profile, and Rab24, Rab32 and Rab33 into
type (i). Autophagy indicates not only the sequestration of materials into autophagosomes but
also the degradation by lysosomal enzymes. Therefore, Rab proteins associated with the fusion
step of autophagosomes with lysosomes have a fatal role in autophagic flux, and Rabs also
trigger autophagosome formation. Type (ii)-categorized Rab proteins are mostly localized at
late endosomes and play a role in membrane traffic to lysosomes, recycling endosomes or TGN.
It is conceivable that they are involved in autophagosome maturation, because late endosomes,
TGN, recycling endosomes, or Golgi-derived vesicles fuse with lysosomes routinely [73]. So
far, no clear result has shown that Rab24 and Rab33 directly associate with the formation of
autophagosomes except for Rab32, which is associated with ER and/or mitochondria and is
regarded as a key factor for the supply to autophagosome formation [52]. However, it could
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be plausible that Rab33B is involved in autophagosome formation, since no obvious large LC3
dots were observed in the active form of Rab33B-expressing cells, but LC3 lipidation was
induced [70]. Although the precise mechanism of autophagy by Rab24 is unknown, Rab24
might participate in the early stage of autophagy since overexpression of Rab24 stimulates the
sequestration of Coxiella into vacuoles early after infection [47]. Thus, these Rab proteins,
Rab24, Rab33, and Rab32, could be involved in autophagosome formation.

Although significant progress has been made in understanding the mechanisms of the
formation and maturation of autophagic vacuoles through the function of Rab proteins, the
precise molecular mechanism of how they regulate or interact with the core autophagic
complex including Atg proteins is still unclear. Moreover, temporal ordering, such as a signal
pathway to initiate the restricted molecules for autophagy, and spatial regulation including
the source of isolation membranes are important in the overall understanding of autophagy
involving Rab GTPases.

Figure 2. Localization and function of Rab GTPases for autophagy
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1. Introduction

The term autophagy, (Type II Apoptosis) is derived from the Greek roots “auto” (self) and
“phagy” (eat) and was first coined by De Duve in 1967 to epitomise this type of cell death. The
mechanism of organelle autophagy in cells undergoing macro-autophagy (from here on
termed autophagy) is poorly understood. Cytoplasm, misfolded protein aggregates, dysfunc‐
tional mitochondria and stressed endoplasmic reticulum (ER) are engulfed by the formation
of a double membrane forming an autophagosome [1,2]. The formation of the autophagosome
double membrane structure within the cytoplasm is thought to be formed from pre-existing
membranes within the cell, although it is unknown whether the Golgi apparatus, endoplasmic
reticulum (ER) or mitochondria are used preferentially to form the autophagosome structure
[1,2]. During the formation of the autophagosome structure, organelles such as mitochondria,
parts of the ER and Golgi apparatus are engulfed by the autophagosome with the final closure
of the double membrane structure occurring next. This then fuses with nearby lysosomes,
giving rise to an autolysosome, where the intracellular components are degraded by hydrolytic
enzymes [1,3-5]. This process generates ATP, which may delay cell death if the cell is under
nutrient depleted conditions leading to the survival of the cell. Thus it is unclear whether the
process protects or causes diseases such as cancer and neurodegenerative disorders [6,7].

The process of autophagy is a cell survival mechanism that occurs when the cell is under stress,
via external environmental pressures, including the lack of nutrients, or via the internal
microenvironment of the cell, including the replacement of old and defective organelles such
as mitochondria [8,9]. Autophagy is also induced by the formation and collection of misfolded
proteins in the endoplasmic reticulum (ER) which causes ER-stress within the cell [10].
Prolonged adverse conditions results in the death of the cell by the autophagic process. The
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ER is responsible for the folding and then delivery of proteins via the secretory pathway to a
functional site. Misfolded proteins accumulate in the lumen of the ER due to high protein
folding demand on the ER [10]. Only properly folded proteins are secreted with maintenance
of the plasma membrane structure and ER folding capacity being under ER homeostatic control
[10,11]. Once a threshold of misfolded protein accumulation has been reached, a signal
activates the ER to nucleus signalling pathway or the Unfolded Protein Response (UPR)
causing ER chaperone proteins to be synthesised which refold the misfolded proteins and
translocate these proteins to the cytoplasm for degradation by the proteasome [10,11]. This
process results in an increase of the ER capacity to fold proteins and maintain ER homeostasis.
This increase in ER capacity is physically achieved by an increase in size of the ER at early
stages of autophagy [12]. If the protein folding demand continues to increase, this will
ultimately result in the phagy of the ER itself which can be caused by ER stress (induced in
vitro by tunicamycin and dithiothreitol, (DTT) and also multiple mechanisms that induce
autophagy e.g. drugs such as rapamycin and nutrient starvation [10].

Mitochondria are pivotal organelles in energy conversion. They act as the cell’s power
producers and are the site of cellular respiration, which ultimately generates fuel for the cell’s
activities. However, they are crucial for cell division, growth as well as cell death. As a major
source of reactive oxygen species they consume cytosolic ATP when dysfunctional. It is,
therefore pivotal for a cell to maintain of a cohort of healthy mitochondria. A sophisticated
process called mitophagy, a selective process of autophagy, is responsible for the degradation
of damaged organelles. In response to the triggers of mitophagy, mitochondria fragment,
which sends out signals, which result in the engulfment by the autophagosomes [9,13].
Malfunctioning mitochondria are also generated through the process of aging or by having a
high level of mutations in the mitochondrial DNA (mtDNA) induced by high levels of ROS.
Mitochondrial DNA has 10-20 times more mutations than nuclear DNA [9]. Mitochondria
reproduce by the process of fission, this produces two daughter mitochondria one of which
hosts the damaged parts with reduced inner membrane potential of the original mitochondria
but also a fully functional daughter [8]. The fission process can also stop excessive enlargement
of mitochondria [8]. Conversely, mitochondrial fusion of damaged mitochondria dilutes the
individual mitochondrion level of damaged macromolecules, and can prevent the early
removal of such mitochondria [14]. Mitophagy is a physiological process which occurs during
erythrocyte differentiation and during nutrient starvation [14]. The level of relative mitochon‐
drial fusion and fission within cells maintains mitochondrial homoeostasis. Thus mitophagy
provides a mechanism by which aged or ROS damaged mitochondria are ultimately removed
resulting in the survival of the cell in question.

Different agents/stimuli induce autophagy via different signalling routes and thus may
preferentially cause mitophagy or if the ER is stressed by such stimuli, ER phagy or ER
enlargement may be detectable at specific time points during each treatment. To this end we
have employed organelle mass dyes to measure the relative size of mitochondria and ER
during nutrient starvation, rapamycin, and chloroquine treatments. We have previously
developed and modified the technique employed by Ramdzan et al [15] to measure linear
scaled fluorescent signals of MitoTracker Green and ER Tracker Green via a modification of
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the cell cycle analysis doublet discrimination technique to accurately measure mitochondrial
& ER mass during such treatments [16]. These techniques will serve as an adjunct to the
measurement of autophagy microtubule associated protein, LC3I and LC3II (or LC3B as
referred to from here on) in the determination of the presence of autophagy within a population
of cells.

Methods for monitoring autophagy started with the initial discovery of the process by the use
of electron microscopy showing the presence of double and single membrane structures
termed the autophagosome and autolysosome or autophagolysosome respectively [4,5]. Other
techniques have also obviously centred upon the formation of the autophagic machinery by
measurement of LC3B, such as by Western Blotting which can be used to quantitate the degree
of autophagy in cells by measuring LC3B which is normally located in the cytoplasm in the
form of LC3I but when incorporated into the autophagosome is cleaved and lipidated by
phosphotidylethanolamine, to form LC3II [17-19]. Anti-LC3B antibody labelling of LC3B has
also been employed to measure autophagosomes and autolysosomes by image and flow
cytometric analysis [20-22]. The increase in number and intensity of fluorescently labelled
LC3B autophagosomes-autolysosomes can be quantitated by time-consuming image analysis,
whereas increase in MFI of LC3B antigen levels measured flow cytometrically makes the
process significantly less burdensome [21,23]. Here we describe a protocol to determine the
presence of autophagy by the determination of LC3B levels in normal growing cells and those
undergoing autophagy.

Use of techniques to estimate the degree of loss of dysfunctional cell organelles has been more
limited than those techniques investigating the development of the autophagic process.
Previous studies have used ER Tracker and MitoTracker mass probes from Invitrogen to
estimate ER and mitochondrial size based on median fluorescence intensity [16]. In experi‐
mental conditions different inducers of autophagy such as rapamycin, chloroquine, serum and
total nutrient starvation may result in the different types of cell organelles being preferentially
targeted by the autophagic process. Here we describe quantitative flow cytometric methods,
which can be employed in the study of cell organelle-phagy. We show that a range of inducers
cause the phagy of specific organelles and that this process is also cell type dependent. This
article will highlight ways of monitoring the contribution of distinctive cell organelles in vitro
to the autophagic process and highlight its diversity in different cell types.

2. Materials and methods

2.1. Cell lines

Jurkat T and K562 cell lines were grown in RMPI-1640 with L-glutamine (Cat No 21875-034,
Invitrogen, Paisley, UK) supplemented with 10% foetal bovine serum (FBS, Cat No 10500-064,
Invitrogen, Paisley, UK) and penicillin and streptomycin (Cat No 15140-122, Invitrogen,
Paisley, UK) in the presence of 5% CO2 at 37oC.
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2.2. Induction of autophagy

Jurkat and K562 cells were grown in <1% FBS-RPMI, <1% FBS-Phosphate Buffered Saline (PBS)
(PBS, Cat No 14190-094 Invitrogen, Paisley, UK) or treated with chloroquine, (CQ) at 50µM,
(Cat No C6628-25G, Sigma, Poole, UK), rapamycin (80nM, Cat No PHZ1233, Invitrogen,
Paisley, UK). Time points analysed were 48h, (n=3) as described in the section below.

2.3. Indirect immunofluorescence LC3B labeling

Jurkat and K562 cells with or without treatment were pelleted and resuspended in 100 µl of
Solution A fixative for 15 min at room temperature (RT) (Cat No GAS-002A-1, Caltag UK).
Cells were then washed in PBS buffer Cell pellets were then permeabilised with 0.25% Triton
X-100 (Cat No X100-500ML, Sigma Chemicals, Poole, UK) for 15 min at RT. Cells were washed
in PBS buffer. Anti-LC3B polyclonal antibody (0.25 µg) (Cat No L10382, Invitrogen, Paisley,
UK) or rabbit immunoglobulin (0.25 µg) (Cat No I5006, Sigma Chemicals, Poole, UK) was used
as an isotype control and incubated for 0.5h at RT. Cells were then washed in PBS buffer. Cells
were then labelled with 0.125 µg of secondary fluorescent conjugate Alexa Flour 647 goat anti-
rabbit IgG (Cat No A21244, Invitrogen, Paisley, UK) for 30 min at RT. Cells were then washed
in PBS buffer and resuspended in 400 µl of PBS. Analysis of LC3B-Alexa Fluor647 signal was
achieved by determining the MFI of the whole histogram signal for previously gated cells from
a FSC versus SSC dot-plot and compared to the corresponding isotype control sample in an
overlaid histogram. 10,000 events were collected by flow cytometry.

2.4. Organelle labelling

Jurkat and K562 cells with or without treatment were counted and adjusted to the same number
per volume and loaded with 40nM MitoTracker Green (MTG) (Cat No M7514, Invitrogen,
Paisley, UK) or 100nM ER Tracker Green (ERTG) (Cat No L7526, Invitrogen, Paisley, UK) by
incubating cells with dyes for 15 or 30 minutes at 37oC respectively. Cells were then washed
in PBS buffer and resuspended in 400 µl of PBS, in the presence of DNA viability dye, DAPI
(200 ng/ml) (Cat No D9542, Sigma Chemicals, Poole, UK). Live cells were analysed for MTG
or ERTG MFI levels by firstly gating on all cell material except small debris in the origin of a
FSC versus SSC dot-plot. This data was then analysed on a DAPI versus FSC dot-plot with live
cells being DAPI-ve. The 530/30nm channel on a BD FACS Canto II was set to linear and the
width parameter activated. Doublet discrimination was then achieved by gating on single cells
on a 530/30nm width and area plot. Median fluorescence Intensity (MFI) of MTG-Area or
ERTG-Area signals from samples was then compared by histogram analysis of untreated and
treated cells.

2.5. Flow cytometry

Single colour controls for MTG, or ERTG and DAPI were used to set compensations. MTG or
ERTG were detected in the 530/30nm channel on the argon laser octagon (BD FACSCanto II);
DAPI was detected in the 440/40nm channel on the violet diode trigon (BD FACSCanto II). No
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compensation was required. LC3B-Alexa Fluor-647 was detected on the 660/20nm channel on
the Red HeNe trigon (BD FACSCanto II).

Cells (10,000) were analysed on a Becton Dickinson FACSCanto II fitted with a 488nm Ti-
Sapphire Argon laser, red HeNe 633nm laser and violet diode 405nm with FACSDiva Software
ver 6.1.3. All data were analysed on FlowJo (ver 8.8.7, Treestar Inc, CA) in the form of list-mode
data files version FCS 3.00 using the default bi-exponential transformation. Optical filters and
mirrors in the BD FACSCanto II were fitted in 2008.

2.6. Statistics

Student t tests were performed in Microsoft Office Excel with P = >0.05 not significant (NS), P
= <0.05*, P = <0.01**, P = <0.005***, P = <0.001****.

3. Results

Cells treated to induce autophagy were first shown to be autophagic by immunofluorescent
labelling of LC3B which is located in the autophagosome of cells undergoing autophagy. These
were compared to resting control cells and positivity determine by use of an rabbit immuno‐
globulin isotype control labelled with the same secondary Alexa Fluor-647 conjugate permit‐
ting the demonstration that LC3B levels have been up-regulated in cell samples undergoing
autophagy treatments. Figure 1 shows the LC3B signals from Jurkat and K562 cells after 48h
of treatment compared to resting control levels. Resting cells do show a detectable LC3B
compared to isotype controls (Figure 1). Jurkat cells showed a high level of LC3B compared
to resting cells when treated with 80nM rapamycin and grown in low serum conditions (<1%
FBS/RPMI, Figure 1A). In contrast CQ showed a lower level (half) of LC3B up-regulation
compared to cells grown in nutrient free (<1% FBS) conditions (Figure 1B). K562 cell up-
regulation of LC3B was shown to be at a similar level of that of Jurkat cells, when treated with
rapamycin and grown in low serum conditions (<1% FBS/RPMI, Figure 1C). CQ and nutrient
free (<1% FBS) treatment of K562 cells showed a similar LC3B response to that of Jurkat cells
(Figure 1D).

Rapamycin was shown to significantly up-regulate LC3B by 4-5 fold after 24 and 48h (P=<0.001,
P=<0.005) in both cell lines (Figure 2A, B). In contrast low serum conditions caused a 5-6 fold
increase in Jurkat LC3B only at 48h (P=<0.001, Figure 2A). Whilst, K562 responded to low serum
treatment by a lower but significant 2-3 fold increase in LC3B levels at 24 and 48h (P=<0.005,
P=<0.05, Figure 2B). Likewise nutrient depletion of K562 cells caused a 2 fold increase in LC3B
at 24 and 48h (P=<0.01, P=NS, Figure 2B). Whilst nutrient depletion of Jurkat cells showed a
significant 5-6 fold increase at 24h, reduced to a significant 2 fold increase above controls at
48h (P=<0.005, Figure 2A). CQ (50µM) in contrast to rapamycin induced a 50-100% increase in
LC3B levels in Jurkat cells at 24 and 48h respectively (P=<0.05, P=NS, Figure 2A). Whilst K562
cells responded to CQ treatment (50µM) by doubling LC3B levels at 24h and falling back to
control levels at 48h respectively (P=NS, Figure 2B).
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(200 ng/ml) (Cat No D9542, Sigma Chemicals, Poole, UK). Live cells were analysed for MTG
or ERTG MFI levels by firstly gating on all cell material except small debris in the origin of a
FSC versus SSC dot-plot. This data was then analysed on a DAPI versus FSC dot-plot with live
cells being DAPI-ve. The 530/30nm channel on a BD FACS Canto II was set to linear and the
width parameter activated. Doublet discrimination was then achieved by gating on single cells
on a 530/30nm width and area plot. Median fluorescence Intensity (MFI) of MTG-Area or
ERTG-Area signals from samples was then compared by histogram analysis of untreated and
treated cells.

2.5. Flow cytometry

Single colour controls for MTG, or ERTG and DAPI were used to set compensations. MTG or
ERTG were detected in the 530/30nm channel on the argon laser octagon (BD FACSCanto II);
DAPI was detected in the 440/40nm channel on the violet diode trigon (BD FACSCanto II). No
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compensation was required. LC3B-Alexa Fluor-647 was detected on the 660/20nm channel on
the Red HeNe trigon (BD FACSCanto II).

Cells (10,000) were analysed on a Becton Dickinson FACSCanto II fitted with a 488nm Ti-
Sapphire Argon laser, red HeNe 633nm laser and violet diode 405nm with FACSDiva Software
ver 6.1.3. All data were analysed on FlowJo (ver 8.8.7, Treestar Inc, CA) in the form of list-mode
data files version FCS 3.00 using the default bi-exponential transformation. Optical filters and
mirrors in the BD FACSCanto II were fitted in 2008.

2.6. Statistics

Student t tests were performed in Microsoft Office Excel with P = >0.05 not significant (NS), P
= <0.05*, P = <0.01**, P = <0.005***, P = <0.001****.

3. Results

Cells treated to induce autophagy were first shown to be autophagic by immunofluorescent
labelling of LC3B which is located in the autophagosome of cells undergoing autophagy. These
were compared to resting control cells and positivity determine by use of an rabbit immuno‐
globulin isotype control labelled with the same secondary Alexa Fluor-647 conjugate permit‐
ting the demonstration that LC3B levels have been up-regulated in cell samples undergoing
autophagy treatments. Figure 1 shows the LC3B signals from Jurkat and K562 cells after 48h
of treatment compared to resting control levels. Resting cells do show a detectable LC3B
compared to isotype controls (Figure 1). Jurkat cells showed a high level of LC3B compared
to resting cells when treated with 80nM rapamycin and grown in low serum conditions (<1%
FBS/RPMI, Figure 1A). In contrast CQ showed a lower level (half) of LC3B up-regulation
compared to cells grown in nutrient free (<1% FBS) conditions (Figure 1B). K562 cell up-
regulation of LC3B was shown to be at a similar level of that of Jurkat cells, when treated with
rapamycin and grown in low serum conditions (<1% FBS/RPMI, Figure 1C). CQ and nutrient
free (<1% FBS) treatment of K562 cells showed a similar LC3B response to that of Jurkat cells
(Figure 1D).

Rapamycin was shown to significantly up-regulate LC3B by 4-5 fold after 24 and 48h (P=<0.001,
P=<0.005) in both cell lines (Figure 2A, B). In contrast low serum conditions caused a 5-6 fold
increase in Jurkat LC3B only at 48h (P=<0.001, Figure 2A). Whilst, K562 responded to low serum
treatment by a lower but significant 2-3 fold increase in LC3B levels at 24 and 48h (P=<0.005,
P=<0.05, Figure 2B). Likewise nutrient depletion of K562 cells caused a 2 fold increase in LC3B
at 24 and 48h (P=<0.01, P=NS, Figure 2B). Whilst nutrient depletion of Jurkat cells showed a
significant 5-6 fold increase at 24h, reduced to a significant 2 fold increase above controls at
48h (P=<0.005, Figure 2A). CQ (50µM) in contrast to rapamycin induced a 50-100% increase in
LC3B levels in Jurkat cells at 24 and 48h respectively (P=<0.05, P=NS, Figure 2A). Whilst K562
cells responded to CQ treatment (50µM) by doubling LC3B levels at 24h and falling back to
control levels at 48h respectively (P=NS, Figure 2B).
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Figure 1. Demonstration of autophagy in Jurkat and K562 cells by measurement of LC3B levels by flow cytometry, see
Materials & Methods. Resting Jurkat cell LC3B-Alexa Fluor-647 levels were compared after 48h treatment with 80nM
rapamycin and low serum/RPMI LC3B levels A). Resting Jurkat cell LC3B-Alexa Fluor-647 levels were compared after
48h treatment of low serum/nutrient free conditions and CQ (50μM) LC3B levels B). Resting K562 cell LC3B-Alexa Flu‐
or-647 levels were compared after 48h treatment with 80nM rapamycin and low serum/RPMI LC3B levels C). Resting
K562 cell LC3B-Alexa Fluor-647 levels were compared after 48h treatment of low serum/nutrient free conditions and
CQ (50μM) LC3B levels D).

Mitophagy was determined by linear flow cytometric analysis of the MTG signal in Jurkat and
K562 cells by the following procedure. After gating on cells from a FSC v SSC dot-plot (Figure 3A),
live cells were gated upon from a FSC v DAPI dot-plot (Figure 3B), DAPI negative cells being alive.
Doublet discrimination was determined from an MTG Area v Width parameter plot (Figure 3C)
and MFI of control and test samples compared on an overlaid histogram (Figure 3D). In this
example the Jurkat cell control gave an MFI of 142,000 compared to a 50µM CQ test showing an
MFI of 100,000 or a 30% reduction in the mitochondrial mass of live Jurkat cells.
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Figure 2. Demonstration of autophagy in Jurkat and K562 cells by measurement of MFI LC3B levels by flow cytometry,
see Materials & Methods. Resting Jurkat cell MFI LC3B-Alexa Fluor-647 levels were compared after 24 and 48h treat‐
ment with 80nM rapamycin, low serum/RPMI, low serum/nutrient free conditions and CQ (50μM) LC3B levels A). Rest‐
ing K562 cell MFI LC3B-Alexa Fluor-647 levels were compared after 24 and 48h treatment with 80nM rapamycin, low
serum/RPMI, low serum/nutrient free conditions and CQ (50μM) LC3B levels A). T-test statistical analysis NS-not signif‐
icant, * P=<0.05, ** P=<0.01, *** P=<0.005, **** P=<0.001.

Likewise ER-phagy was determined by linear flow cytometric analysis of the ERTG signal in
Jurkat and K562 cells by the following procedure. After gating on cells from a FSC v SSC dot-
plot (Figure 4A), live cells were gated upon from a FSC v DAPI dot-plot (Figure 4B), DAPI
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negative cells being alive. Doublet discrimination was determined from an ERTG Area v Width

parameter plot (Figure 4C) and MFI of control and test samples compared on an overlaid

histogram (Figure 4D). In this example the K562 cell control gave an MFI of 159,000 compared

to a 40nM rapamycin test showing an MFI of 262,000 or a 65% increase in the ER mass of live

K562 cells.

Figure 3. Jurkat cells were untreated (control) or treated with 50μM CQ for 48h. These cell cultures were then count‐
ed and adjusted to be the same number per volume and loaded with 40nM MTG for 15 minutes at 37oC. Cells were
washed and adjusted to 0.5ml volume containing DAPI at 200ng/ml. Cells were then analysed on a BD Canto II ac‐
cording to Materials & Methods. Cells were gated upon except the small debris in the origin of a FSC versus SSC dot-
plot (A). There data were then analysed on a DAPI versus FSC dot-plot with live cells being DAPI-ve (B). The 530/30nm
channel on a BD FACS Canto II was set to linear and the width parameter activated. Doublet discrimination was then
achieved by gating on single cells on a 530/30nm width and area plot (C). The MFI of MTG-Area signals from samples
were then compared by histogram analysis of untreated, MFI 142,000 and CQ treated cells, MFI 100,000 (D).
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Figure 4. K562 cells were untreated (control) or treated with 40nM rapamycin (R) for 48h. These cell cultures were then
counted and adjusted to be the same number per volume and loaded with 100nM ERTG for 30 minutes at 37oC. Cells were
washed and adjusted to 0.5ml volume containing DAPI at 200ng/ml. Cells were then analysed on a BD Canto II according to
Materials & Methods. Cells were gated upon except the small debris in the origin of a FSC versus SSC dot-plot (A). These data
were then analysed on a DAPI versus FSC dot-plot with live cells being DAPI-ve (B). The 530/30nm channel on a BD FACS Can‐
to II was set to linear and the width parameter activated. Doublet discrimination was then achieved by gating on single cells
on a 530/30nm width and area plot (C). The MFI of ERTG-Area signals from samples were then compared by histogram anal‐
ysis of untreated, MFI 159,000 and rapamycin treated cells, MFI 262,000 (D).

Induction of autophagy by the rapamycin mTOR signalling pathway induced a detectable
mitophagy (34% reduction in mitochondrial mass) in Jurkat cells (Figure 5A). Whilst K562 cells
displayed an ER stress response in that the ER mass was increased by 50% with rapamycin
treatment without any mitophagy (Figure 5B). Like rapamycin, chloroquine induction of
autophagy in Jurkat cells displayed a similar level of mitophagy (29%), whilst there was no
significant organelle phagy displayed by K562 cells (Figure 5A, B). In contrast to rapamycin
treatment of Jurkat cells, low serum/RPMI treatment caused a 19% increase in mitochondrial
mass as opposed to a mitophagy. Under the same conditions Jurkat cells significantly increased
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(37%, P<0.01) ER mass indicating a high level of misfolded proteins within the Jurkat cells
(Figure 5A). However K562 cells responded in a similar manner to rapamycin treatment when
treated with low serum/RPMI by displaying an increase in ER mass (43%) indicating again an
autophagic response to a high level of misfolded proteins (Figure 5B). Nutrient depravation
in the presence of low serum (<1%) showed the opposite response to low serum/RPMI
treatment of cells in that a significant phagy of ER was observed in Jurkat cells (70%, P<0.05,
Figure 5A). Whilst, K562 displayed both a significant ER phagy (42%) and mitophagy (36%),
when undergoing nutrient depravation (P<0.05, Figure 5B).

Figure 5. Jurkat (A) and K562 (B) cells were untreated (control) or treated 80nM rapamycin, low serum (<1% FBS)
RPMI, nutrient free PBS (<1% FBS) or with 50μM CQ for 48h. These cell cultures were then counted and adjusted to be
the same number per volume and loaded with 40nM MTG or 100nM ERTG for 15 or 30 minutes at 37oC respectively.
Cells were washed and adjusted to 0.5ml volume containing DAPI at 200ng/ml. The MFI of MTG or ERTG-Area signals
from samples were then compared by histogram analysis of untreated or treated cells. T-test statistical analysis NS-not
significant, * P=<0.05, ** P=<0.01, *** P=<0.005, **** P=<0.001.
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4. Discussion

Modulation of autophagy may be important in preventing or treating neurodegenerative
conditions and cancers. It is, therefore, pivotal to understand the underlying mechanisms.
Numerous new techniques have been developed to show that cells are undergoing the
autophagic process; these include LC3B semi-quantification by image and flow cytometric
analysis by the use of GFP tagged proteins or antibody labelling [17-22,24-30]. Here we
demonstrate by flow cytometric measurement of anti-LC3B-Alexa Fluor-647 signals that
rapamycin significantly up-regulated LC3B in Jurkat and K562 cells, whilst CQ at 50µM,
induced in comparison a small degree of detectable up-regulated LC3B in both cell lines
employed in this study. Nutrient depletion studies, including reduced serum <1% and lack of
nutrients induced a low level of LC3B up-regulation in K562 cells compared to the high level
(similar to rapamycin) detected in Jurkat cells.

Different drugs or treatments induce autophagy via different signalling routes in different cell
types resulting in varying types and degrees of organelle phagy. Rapamycin although induced
a similar LC3B up-regulation in the two cell lines employed in this study resulted in different
organelle phagy responses. Jurkat cells showed a mitophagy whilst K562 cells did not. This
was in contrast to the lack of an effect of rapamycin upon Jurkat ER mass, whilst K562 cells
showed an increase in ER mass, indicating protein mis-folding within the ER, even though
rapamycin caused little cell death over the 48h period studied [10,11]. This increase in ER size
after 48h of rapamycin treatment may ultimately result in a measurable ER-phagy at a later
time point.

Chloroquine induced apoptosis, death, low level autophagy (as indicated by mild LC3B up-
regulation) and mitophagy as indicated by the reduction in mitochondrial mass in Jurkat cells,
whilst no organelles were targeted in K562 cells [31]. Thus both rapamycin and chloroquine
act upon Jurkat cells to produce a mitophagy with no significant affect upon ER mass; whilst
K562 cell response to these autophagy inducers was to show an increase in ER mass.

Nutrient starvation commonly employed by removing serum from media in the study of
autophagy caused protein mis-folding in both cell lines as indicated by an increase in ER mass
and also of mitochondria in Jurkat cells [22]. In contrast total nutrient starvation which again
caused varying degrees of up-regulation of LC3B levels in both cell lines as well as resulting
in a large reduction in cell numbers caused a decrease in ER mass in both cell lines and a
mitophagy in K562 cells. This again indicated that drug induction of autophagy may result in
different organelle phagy in different cell types.

Thus the combination of measuring the induction of autophagy via LC3B flow cytometric
measurements and the technique of organelle mass semi-quantification gives the investigator
more information about the autophagic process occurring within the cell not only in terms of
autophagic flux signals but also the degree and type of organelle phagy occurring during the
autophagic process. This technique of organelle mass semi-quantification by flow cytometry
on live cells permits researchers in the field to measure not only the degree of autophagy but
also live cell functions such as mitochondrial membrane potential during the autophagic
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process giving an insight to the more precise mechanism of action of the wide variety of stimuli
that can be employed in the study of the autophagic process. This area warrants further study
as it holds new therapeutic and diagnostic potential.
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that can be employed in the study of the autophagic process. This area warrants further study
as it holds new therapeutic and diagnostic potential.
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Autophagy, the “Master” Regulator of Cellular Quality
Control: What Happens when Autophagy Fails?
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1. Introduction

Autophagy an evolutionarily conserved process, is activated in response to nutrient depriva‐
tion, as well as to endogenous and exogenous stresses. It is currently known that the basic
mechanism of autophagy has been well conserved during evolution since diverse organisms,
including yeast, flies, and mammals, all carry a similar set of autophagy-related genes (ATGs),
although there are some significant differences between yeast and higher eukaryotes. As a
result, autophagy is a highly regulated process known to contribute to cellular cleaning
through the removal of intracellular components in lysosomes showing therefore an important
role in cellular quality control. Autophagy ensures that proteins damaged or incorrectly
synthesized are removed from the cells by degradation, preventing thus the devastating
cellular consequences associated with accumulation of malfunctioning proteins inside cells.
Moreover autophagy works as a recycling system where it mediates the breakdown of proteins
that are no longer needed into essential components (aminoacids, free fatty acids, sugars),
which can then be used in the synthesis of new proteins. This has extreme importance in
conditions of nutritional stress or starvation. At optimal physiological conditions in the
absence of stressors, basal level of autophagy assures maintenance of cell homeostasis through
regular turnover of proteins, lipids, and organelles. Therefore autophagy acts a cautious
controller of cellular homeostasis. In addition, it also has an important role in cellular defence
as in compromised situations it contributes to the proteolytic breakdown of components of
invading pathogens and other types of biological cell aggressors. Autophagy may also
modulate synaptic plasticity, which involves structural remodelling of nerve terminals and
the trafficking and degradation of receptors and other synaptic proteins [1]. Finally, autophagy
is also a key player in cellular adaptation since is able of changing very rapidly the rate of a
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particular protein’s degradation allowing fast modulation of the proteome in response to
stress. The lysosomal system and specifically the autophagic pathway is the principal mech‐
anism for degradating longer-lived proteins and is the only system in cells capable of degrad‐
ing organelles and protein aggregates/inclusions. Similar to what happens with the
proteasome system, protein aggregates and certain organelles have been shown to be tagged
with ubiquitination for selective removal by autophagy [2]. An adaptor molecule with an
ubiquitin-binding domain engages the ubiquitinated structure and couples it to the pre-
autophagosomal isolation membrane for subsequent sequestration. The exact types of
ubiquitin motifs recognized by the proteasome and autophagy may differ and the degree to
which ubiquitination drives autophagic protein turn-over relative to that by proteasomes is
still unclear.

There are three basic forms of autophagy, namely, macroautophagy, microautophagy and
chaperone-mediated autophagy (CMA), which primarily differ in the way in which cytosolic
components are delivered to lysosomes [3]. Moreover, the different types of autophagy share
a common endpoint, the lysosome, but differ in the substrates targeted, their regulation, and
the conditions in which each of them is preferentially activated.

In macroautophagy and microautophagy there is the sequestration of cytoplasmic components
into vesicular compartments. In the case of macroautophagy, vesicles are form de novo from a
limiting membrane of non-lysosomal origin that closes and forms a double membrane
organelle called autophagosome [4]. Because the autophagosome lacks any enzymes, the
trapped contents are not degraded until the autophagosome fuses with a lysosome, which
provides all the hydrolases required for degradation of cargo. Autophagosomes are then
transported along microtubules to the perinuclear region of the cell (where lysosomes are
clustered) to enhance the probability of autophagosome-lysosome fusion to form autophago‐
lysosomes. Lysosomes are single membrane organelles dedicated to degradation of both
intracellular and extracellular components. Lysosomal membranes possess vacuolar H+

ATPases which are proton pumps that acidificate the autophagolysosome contents. This
acidification is essential for the activation of lysosomal enzymes (including proteases, lipases,
glycosidases, and nucleases), which are responsible for proteolysis of the components in the
autophagolysosome and confer this organelle its high degradative capacity [5]. Although
autophagy was initially considered to be a nonselective process, cargo-specific autophagy (the
selective degradation of certain aggregated proteins and organelles) is now recognized to exist
[6]. Numerous different types of cargo-specific autophagic processes have been described, like
for instance mitophagy where damaged mitochondria are sequestered and degraded [7].
Macroautophagy occurs constitutively in cells and is markedly induced under stress condi‐
tions, such as starvation and has two major purposes: as a source to generate essential
macromolecules and energy in conditions of nutritional scarcity, or as a mechanism for the
removal of altered intracellular components [8].

In the case of microautophagy the engulfment of cargo occurs through invagination of the
lysosomal membrane itself, to form vesicles that invaginate towards the lysosomal lumen [9].
Cytosolic regions are sequestered directly by the lysosome through invaginations or tubula‐
tions that “pinch off” from the membrane into the lysosomal lumen where they are rapidly
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degraded. Microautophagy participates in the continuous, slow “basal” turnover of cellular
components in normal cellular conditions [10]. Furthermore microautophagy has been shown
to be responsible for the selective removal of organelles when they are no longer needed [11].
The absence of mammalian homologs for the microautophagy yeast genes has made it difficult
in gaining a better understanding of the pathophysiology of this process.

The third type of mammalian autophagy CMA distinguishes from the others because of its
distinctive feature of selectivity. Unlike the other forms of autophagy, in which portions of the
cytoplasm are typically engulfed, proteins degraded by CMA are identified and transported
one-by-one by a cytosolic chaperone that delivers them to the surface of the lysosomes. First
there is individual recognition of single proteins in the citosol, then the substrate proteins
unfold and cross the lysosomal membrane. Only soluble proteins containing in their aminoacid
sequence a pentapeptide motif related to KFERQ, are recognized by heat shock cognate protein
of 70 kDa, hsc70, which mediates their delivery to the lysosomes for direct translocation across
the lysosomal membrane [3, 12]. These pentapeptide motifs are recognized specifically by the
cytosolic protein hsc70, the constitutively expressed member of the hsp70 family of cytosolic
chaperones. hsc70 not only targets the CMA substract to the lysosomal membrane where it
can interact with the CMA receptor but also facilitates substrate folding [13]. A second
chaperone that also localizes on both sides of the lysosomal membrane is the heat shock protein
of 90 kDa, hsp90. hsp90 is proposed to participate in substrate protein unfolding [14], and
contributes to the stabilization of essential components of the translocation complex as they
organize into a multimeric structure [15]. Additionally, the co-chaperone carboxyl terminus
of Hsp70-interacting protein (CHIP) has been shown to mediate lysosomal degradation of
proteins such as alpha-synuclein, a known CMA substrate [16], however, it is still undergoing
investigation whether CHIP-mediated degradation occurs via CMA or via other forms of
autophagy. The lysosome-associated membrane protein type 2A (LAMP-2A) acts as a receptor
for substrates of this pathway [17]. This protein is one of the three splice variants encoded by
the lamp2 gene that share identical lumenal regions and different transmembrane and
cytosolic tails [18]. Once the cytosolic proteins destined for CMA degradation bind to the
cytosolic tail of the single-span membrane protein LAMP-2A, they promote its assembly into
a high molecular weight complex of about 700 kDa at the lysosomal membrane required for
translocation of the CMA substrates into the lysosomal lumen [15]. Multimerization is a
required step for substrate translocation. However, the translocation complex is not stable at
the lysosomal membrane and, once the substrate reaches the lysosomal lumen, LAMP-2A
dissociates into monomers. hsc70 mediates the disassembly generating monomeric forms of
LAMP-2A that are required for substrate binding in order to sustain cycles of binding and
uptake. Other proteins have been shown to modulate the stability of the CMA translocation
complex, such as, glial fibrillary acidic protein (GFAP) and elongation factor 1 a (EF1a). One
of the crucial functions of CMA is protein quality control via the selective degradation of
damaged or altered proteins. Moreover proteins associated with several neurodegeneratives
disorders have KFERQ-like sequences such as, alpha-synuclein, parkin, UCHL1 and Pink1,
amyloid precursor protein (APP) and tau and huntingtin. These proteins can be degraded by
CMA only when they are in soluble forms; once the insoluble inclusions are formed, they can
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only be degraded via other proteolytic pathways [19]. CMA is constitutively active in many
cell types and similar to macroautophagy, CMA is maximally activated under stress conditions
like nutritional stress or starvation and cellular stresses leading to protein damage [3]. Indeed,
upon stressors that cause protein damage, such as oxidative stress, CMA is upregulated [20].
During starvation, macroautophagy is first activated, and if starvation persists, cells activate
CMA, which selectively targets non-essential proteins for degradation to obtain the aminoa‐
cids required for the synthesis of essential proteins showing that macroautophagy and CMA
act in a synchronized manner [21]. There are two lysosomal components that limit CMA
activity: LAMP-2A and lys-hsc70. It is known that changes in the number of LAMP-2A
molecules, as well as, in the membrane content of LAMP-2A, rapidly upregulate or downre‐
gulate CMA activity [17]. Levels of lys-hsc70 increase gradually with the increase in CMA
activity, although the mechanisms modulating this increase are still poorly understood [14].
Furthermore, the activity of this autophagic pathway is also directly modulated by changes in
other autophagic and proteolytic systems inside the cell. For examples, cells in culture respond
to CMA blockage by upregulating macroautophagy [21]. Likewise, blockage of macroautoph‐
agy results in constitutive activation of CMA [22].

The identification of ATGs in yeast was a major breakthrough in the study of autophagy [23].
Until now more than 35 ATG genes have been found in yeast and many of them have orthologs
in mammals to control the dynamic processes and different stages of autophagy. Indeed,
autophagic activities are mediated by a complex molecular machinery including more than 35
ATG-related proteins and 50 lysosomal hydrolases. This dynamic macroautophagic process
includes initiation, nucleation, elongation, maturation and degradation. Initiation involves
formation of the phagophore, a cup-shaped membrane structure in the cytoplasm. Nucleation
involves the recruitment and assembly of several proteins including Beclin-1 and Vps34,
among others [24]. Vps34 has a phosphoinositide 3-kinase (PI3K) activity and produces
phosphatidylinositol 3-phosphate, which recruits molecular components involved in subse‐
quent vesicle elongation. Subsequently elongation is a critical step in forming the complete
autophagosomes and is controlled by two ubiquitin-like conjugation systems. The first
involves the Atg7 E1-like enzyme that mediates the covalent linkage of Atg12 to Atg5 followed
by formation of a complex of Atg12-Atg5 with Atg16L, which dimerizes and associates with
the phagophore membrane. In the second one LC3 has to be cleaved by Atg4 to generate the
cytosolic LC3 (that arises from microtubular-associated protein-light chain) that can subse‐
quently be conjugated to a phosphatidylethanolamine tag by Atg7 and the E2-like enzyme
Atg3. The resulting lipidated form of LC3, LC3-II, is attached to both sides of the autophago‐
some membrane. LC3-II is clearly necessary for autophagosome formation and is commonly
used as a marker for autophagy. Finally, maturation and degradation steps, involves fusion
with endosomes-lysosomes to form autophagic vacuoles (AVs) and requires a number of
lysosomal proteins necessary for the degradation of the lumenal contents [25]. The transmem‐
brane Atg9 protein also contributes to autophagic vesicle nucleation and elongation, possibly
by mediating the transport of lipid molecules. At this stage, LC3 on the outer autophagosome
membrane is removed by Atg4 for reuse, while inner membrane LC3-II is digested along with
the cargo. The rate-limiting step in the autophagic process is autophagosome formation.
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Autophagy can be regulated by mTOR-dependent signaling pathways and mTOR-independ‐
ent signaling pathways. The serine–threonine kinase mTOR is a master negative regulator of
autophagy that acts by blocking the activity of the ULK1/Atg1 complex [26]. mTOR is inhibited
when nutrients are scarce, when growth factor signaling is reduced, and under ATP depletion.
When mTOR is inhibited and the repressive effect of mTOR on autophagosome formation
disappears an increase in autophagosome biogenesis occurs [27]. In pathways that act
independently of mTOR, when in nutrient-rich conditions, Beclin-1 is bound to the antiapop‐
totic protein Bcl-2. Under nutrient starvation, the stress-activated enzyme Jun N-terminal
kinase 1 (JNK1) phosphorylates Bcl-2, which induces its dissociation from Beclin-1 [28]. Beclin
can then interact with other members of the autophagic machinery and stimulate the induction
of autophagy [29-30]. One of the mTOR-independent pathways can be mediated by the IP3
pathway and the Ca2+–calpain–G-stimulatory protein alpha pathway [31]. Generation of IP3
induces the release of Ca2+ from stores in the endoplasmic reticulum and high levels of cytosolic
Ca2+ inhibit autophagy by activating calpains. After cleavage by calpains, the Ca2+–calpain–G-
stimulatory protein alpha pathway becomes activated which, in turn, causes the production
of more inhibitory cAMP [31]. On the other hand, decreased levels of IP3 signaling leads to
reduced Ca2+ release from the endoplasmic reticulum and lower rates of mitochondrial Ca2+

uptake, causing a reduction in mitochondrial activity and ATP depletion, which results in 5'-
AMP-activated protein kinase (AMPK) activation [32]. Activated AMPK directly phosphory‐
lates ULK1, indirectly inactivating mTOR complex which leads to the induction of autophagy.

2. Autophagic failure at cellular level

Two of the main aggravating factors contributing to failure of autophagic pathways are
believed to be oxidative stress and aging. Aging can lead to reductions in autophagosome
formation and autophagosome-lysosome fusion [33]. Moreover leads to lysosomal alterations
such as increased lysosome volume, decreased lysosomal stability, altered activity of hydro‐
lases and intralysosomal accumulation of indigestible material such as lipofuscin [34]. These
alterations are consistent with a decrease in autophagy, more specifically macroautophagy.
Consequently, there is a reduction in the turnover of intracellular components as well as a
reduction in the ability of cells to adapt to changes in the extracellular environment [35].
Ultimately this contributes to the intracellular accumulation of misfolded proteins in aged
organisms [36]. Moreover, also a decline in CMA activity has been described in almost all cell
types and tissues. This decrease is primarily due to a reduction in the levels of LAMP-2A at
the lysosomal membrane [37]. In addition, the stability of LAMP-2A at the lysosomal mem‐
brane is markedly reduced with age, resulting in a decrease in the net content of this protein
in lysosomes [38].

On the other hand, oxidative stress overloads the macroautophagic system, and oxidized
proteins and damaged organelles engulfed by autophagosomes can become a source of ROS
inside either autophagosomes or lysosomes. Subsequently ROS can react and damage
lysosomal hydrolases and/or other components required for the lysosome/autophagosome
fusion, resulting in the accumulation of undegraded products inside these cellular compart‐
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ments, such as lipofuscin. Defects in basal autophagy could lead to altered neuronal homeo‐
stasis and degeneration through impaired utilization of nutrients or an imbalance of vesicular
biogenesis and turnover. Alternatively, neuronal dysfunction might be a more direct result of
failed protein degradation with resultant accumulation of ubiquitinated protein aggregates.

2.1. Lipofuscin accumulation

The most abundant pigment in the human brain is lipofuscin, a protein- and lipid-based
pigment with broad distribution [39]. Lipofuscin is commonly considered to be a ubiquitous
pigment within the brain, being recognized as a hallmark of aging [40]. Lipofuscin is a
chemically and morphologically polymorphous and pigmented waste material that is formed
exclusively in lysosomes where it can accumulate as well as in other lysosome-related vesicles
due to incomplete digestion of engulfed components and subsequent intra-lysosomal oxida‐
tion [41]. Ivy and co-workers suggested that lipofuscin accumulation might result from age-
related decrease in the activity of lysosomal enzymes, especially cysteine proteases, such as
cathepsins B, H, and L [42]. However where some studies showed a decrease in lysosomal
cysteine protease activity others did not because lipofuscin starts to accumulate immediately
after birth and continues to do so more or less linearly through the life span [41]. Lipofuscin
formation appears to depend on the rate of oxidative damage to proteins, the functionality of
mitochondrial repair systems, the proteasomal system, and the functionality and effectiveness
of the lysosomes. Major factors that contribute and enhance lipofuscin formation are increased
autophagic activity, increased oxidative stress or decreased antioxidant defences, and high
concentrations within the lysosomes of redox-active iron [43].

The cell recycles many of useful substrates by autophagic degradation to simple molecules,
such as aminoacids, fatty acids and simple sugars, which may be reused after relocalization to
the cytosol. Many of these macromolecules that are autophagocytosed contain iron, which is
released from a variety of metalloproteins during their intralysosomal degradation [43].
Moreover ROS (mainly H2O2, which is produced in mitochondria by dismutation of O2•-) easily
diffuse into lysosomes and by interacting with iron results in Fenton-type reactions which
leads to excessive production of ROS and peroxidation of lysosomal protein content. Moreover
the newly generated ROS are then able to interact with the proteins and lipids within the
lysosome and form a complex array of Schiff bases and cross-linking of surrounding macro‐
molecules culminating in lipofuscin formation [44]. This is supported by data that demon‐
strates that oxidative stress, high iron or decreased antioxidant systems stimulate lipofuscin
formation whereas antioxidants and iron chelators attenuate lipofuscin formation [39].
Furthermore, oxidatively damaged mitochondria may contain some already peroxidized,
undegradable macromolecules. In addition, such ineffective mitochondria are not only
ferruginous but also may generate larger amounts of O2•- than do functional mitochondria.
Inside the lysosome, such production of O2•- may continue for a while, as well as, iron-catalyzed
oxidative modification of mitochondrial components. Moreover ATP synthase subunit c, a
mitochondrial protein is a predominant component of lipofuscin from aged neurons [45].
Indeed, autophagocytosed mitochondria seem to be a major source for both macromolecular
components of lipofuscin and the low mass iron that catalyzes the peroxidative reactions
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resulting in its formation. Therefore the primary constituents of lipofuscin are oxidatively
modified protein residues, which are bridged into polymer complexes by acids, and lipid
residues such as reactive aldehydes originating from the breakdown of triglycerides, free fatty
acids, cholesterol and phospholipids, while carbohydrates form only a minor structural
component [33]. Proteins within lipofuscin are linked by intramolecular and intermolecular
cross-links; many of these cross-links are caused by nonproteineous compounds including
oxidation products of other cellular components, such as 4-hydoxy-2-nonenal. Overall, the
composition of lipofuscin is variable and dependent upon cell type, but in neurons, lipofuscin
appears to be derived primarily from autophagocytosed mitochondria [46].

Hence, lipofuscin accumulation in post-mitotic tissues is both a hallmark of normal senescence
and symptomatic of numerous age-related diseases including Alzheimer’s disease (AD) and
age-related macular degeneration. In addition, lysosomal storage diseases (neuronal ceroid
lipofuscinosis, or Batten’s disease) are also associated with the accumulation of lysosomal
pigment displaying properties similar to that typical of lipofuscin. Lipofuscin complex is
undegradable as the result of the excessive oxidation and cross-linking that occurs during its
formation leading to the inability of the lysosome to degrade all incorporated materials.
Lipofuscin inherently causes toxic effects, in part because of its ability to bind metals, such as
iron, copper, zinc, manganese, and calcium, in a concentration up to 2% [47]. Being rich in
heavy metals such as iron lipofuscin may jeopardize lysosomal stability under severe oxidative
stress, causing enhanced lysosomal rupture and consequent apoptosis/necrosis. The only
known mechanism allowing cells to get rid of lipofuscin is mitotic activity, which results in
the dilution of the pigment. When lysosomes accumulate lipofuscin, lysosomal enzymes
increasingly go to lipofuscin loaded lysosomes in an attempt to degrade the non-degradable
material. Since the capacity to produce lysosomal enzymes for autophagy is not unlimited, the
lack of lysosomal enzymes for autophagy leads to reduced ability to recycle other cellular
organelles, such as mitochondria. Hence lipofuscin acts as a sink for newly produced lysosomal
enzymes. If damaged mitochondria are not eliminated this subsequently results in a lower rate
of ATP production and increased ROS production. Moreover, the release of the abundant iron
from the aged intralysosomal compartment by free-radical-mediated membrane damage will
also stimulate free radical production via Fenton chemistry, possibly leading to apoptotic cell
death [46]. On the other hand, large numbers of lipofuscin-containing lysosomes, which also
contain active hydrolases, may promote cellular damage if lysosomal membranes are desta‐
bilized by pathogenic factors (including oxidative stress), resulting in leak of hydrolytic
enzymes into the cytosol. Because lipofuscin is separated from the rest of the cytoplasm by the
lysosomal membrane, it cannot react directly with extralysosomal constituents. However,
within lysosomes loaded lipofuscin iron may promote ROS production, sensitizing cells to
oxidative injury through lysosomal destabilization. So, lipofuscin a yellowish-brown, au‐
tofluorescent, nondegradable polymeric substance that cells cannot get rid of it [48], reduce
the lysosomal degradative capacity [34]. Interestingly, the rate of lipofuscin formation is
inversely related to age and lysosomes containing lipofuscin have a reduced ability to fuse
with autophagic structures [43].
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lack of lysosomal enzymes for autophagy leads to reduced ability to recycle other cellular
organelles, such as mitochondria. Hence lipofuscin acts as a sink for newly produced lysosomal
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of ATP production and increased ROS production. Moreover, the release of the abundant iron
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also stimulate free radical production via Fenton chemistry, possibly leading to apoptotic cell
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bilized by pathogenic factors (including oxidative stress), resulting in leak of hydrolytic
enzymes into the cytosol. Because lipofuscin is separated from the rest of the cytoplasm by the
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Moreover, lipofuscin is able to decrease not only lysosomal degradation but also proteosomal
degradation, perhaps as a result of binding proteasomal complexes in unsuccessful attempts
of degradation [49]. Therefore, lipofuscin directly decreases cellular proteolysis by inhibition
of the proteasomal turnover, resulting in reduced proteasomal activity [50]. Another reason
for lipofuscin toxicity is the gradual filling of the cytoplasmic space over time, [51] resulting
at first in decreased cellular functional capability, later in apoptotic cell death. In addition, also
intracellular trafficking as well as cytoskeletal integrity may be compromised by the presence
of large intracellular aggregates.

2.2. Defective autophagy

Defects in autophagy have been described to occur at very different levels within the cell and
at very different diseases. Therefore understanding how autophagy step or steps are altered
in specific disorders is a priority. There are several examples of defects that can arise in
autophagy.

For example, initiation of autophagy may be compromised because of altered signaling
through the insulin or mTOR pathways, which is tightly bound to activation of autophagy.
Since autophagy can be cargo-specific which implicate cargo adaptors molecules that enable
autophagosomes to identify specific substrates, alterations in the organelle-specific markers
for degradation or in the autophagic machinery can impair autophagic turnover. For instance,
if autophagosomes not recognize damaged mitochondria, defects in mitophagy occur which
contributes to disease pathology, since removal of damaged mitochondria is impaired leading
to high levels of ROS. Cells are then more susceptible to proapoptotic insults. Defects in cargo
recognition occurs for instance in Huntington’s disease (HD). HD is caused by gain-of-function
mutations that confer neurotoxic effects on the ubiquitously expressed protein huntingtin [52].
This gain-of-function impairs the ability of autophagosomes to recognize certain cargoes,
while mutant huntingtin is efficiently incorporated into autophagosomes, it may reduce
autophagic sequestration of other cargoes [53].

In other conditions, autophagosomes form correctly and sequester relevant cargo but they fail
to be cleared from the cytosol. Problems with clearance could result from alterations at very
different levels. For example, problems with vesicular trafficking could indirectly interfere
with the mobilization of autophagosomes toward the lysosomal compartment [54]. The
cytoskeleton is extremely important in the trafficking of organelles and in fact has the role to
maintain the spatial organisation for autophagy by conducting the trafficking of organelles
involved in different interactions during autophagy. Therefore, autophagy is microtubule-
dependent [55]. When microtubules are disrupted by colchicine, autophagosome–lysosomal
fusion is also disrupted leading to an increase in the number of autophagic vacuoles (AVs) [56].

Pathogenic proteins can also interfere with the fusion step, which, although still not completely
elucidated at the molecular level, is known to depend on different SNARE proteins, the actin
cytoskeleton and the histone deacetylase 6 (HDAC6) [57]. Furthermore, if organelle traffic
through the axon is “jammed” we will have organelle transport problems [58].
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It is also possible that problems in maturation of autophagosomes and their fusion with
lysosomes also occur. The maturation of autophagosomes and their fusion with lysosomes is
dependent on the motor protein dynein, which mediates autophagosome movement along the
cytoskeleton towards the microtubule-organizing center where the lysosomes are clustered.
Loss of dynein function also results in the accumulation of autophagosomes and reduction of
the clearance of intracytoplasmatic aggregation-prone proteins [54].

Furthermore, lysosomal defects also have a negative impact on clearance of autophagosomes.
Autophagosomes can form properly and sequester the usual cargo but they are not eliminated
through the lysosomal system. The reasons for lysosomal failure could be multiple. For
instance in most lysosomal storage disorders (LSDs) the accumulation of undegraded products
inside lysosomes limits their degradative capacity [59]. Undigestible material in lysosomes
could build up or otherwise inhibit hydrolases, and could also dilute or divert the delivery of
lysosomal hydrolases decreasing their efficiency. Interestingly, accumulation of β-amyloid
(Aβ) 1-42, which has a high propensity to aggregate and therefore is less efficiently degraded,
causes leakage of lysosomal enzymes into the cytosol [60-61].

Moreover the build up of AVs filled with undigestible material could inhibit secretory
pathways interfering with nutrient uptake and response to growth factors or recovery from
stress. Additionally, it could also inhibit organelle fusion or block the supply of aminoacids
from autophagic protein breakdown, inducing cell starvation [62]. Additionally, conditions
that alter lysosomal membrane stability, decreases lysosomal biogenesis or changes lysosomal
pH inhibiting lysosomal proteolysis (because of the acidic pH requirements of their degrada‐
tive enzymes) could also alter autophagosome clearance. Lysosomal hydrolases inhibition by
defective acidification of the lysosomal lumen can be due to the inability to target to lysosomes
one of the subunits of the proton pump that usually acidifies this compartment, or by direct
inhibition of cathepsins that leads to reduced rates of autophagy. Changes in the lysosomal
pH could be due to enhanced activity of the V-ATPase. The V-ATPase is a holoenzyme
consisting of a membrane bound Vo and cytosolic V1 components, and both V1 and Vo are
composed of multiple subunits. The Vo subunit a1 is required for acidification of degradative
competent lysosomes [63]. Preservation of low pH is important for cargo release, lysosomal
hydrolase and vesicle maturation, autophagy and neurotransmitter loading into synaptic
vesicle [64].

Accelerated endocytosis also increases protein and lipid accumulation in endosomes and
slows lysosomal degradation of endocytic cargoes [65], leading to lysosomal instability.

The process from protein sorting to endosomal-lysosomal fusion is maintained by the sequen‐
tial interaction of four complexes termed the endosomal sorting complexes required for
transport (ESCRT complexes). The four ESCRT complexes, numbered 0–III, are required for
the degradation of aggregate-prone proteins by autophagy [66]. Mutations or depletions
affecting ESCRT related genes results in deficient maturation of autophagosomes or in their
inability to fuse with lysosomes and endosomes. This leads to autophagosomes accumulation
without degradation of their cargo, as well as, ubiquitin-positive aggregates accumulation
leading to neurodegeneration in many cases [67]. As proteasome is thought to be turned over

Autophagy, the “Master” Regulator of Cellular Quality Control: What Happens when Autophagy Fails?
http://dx.doi.org/10.5772/55196

89
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In other conditions, autophagosomes form correctly and sequester relevant cargo but they fail
to be cleared from the cytosol. Problems with clearance could result from alterations at very
different levels. For example, problems with vesicular trafficking could indirectly interfere
with the mobilization of autophagosomes toward the lysosomal compartment [54]. The
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involved in different interactions during autophagy. Therefore, autophagy is microtubule-
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Pathogenic proteins can also interfere with the fusion step, which, although still not completely
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It is also possible that problems in maturation of autophagosomes and their fusion with
lysosomes also occur. The maturation of autophagosomes and their fusion with lysosomes is
dependent on the motor protein dynein, which mediates autophagosome movement along the
cytoskeleton towards the microtubule-organizing center where the lysosomes are clustered.
Loss of dynein function also results in the accumulation of autophagosomes and reduction of
the clearance of intracytoplasmatic aggregation-prone proteins [54].

Furthermore, lysosomal defects also have a negative impact on clearance of autophagosomes.
Autophagosomes can form properly and sequester the usual cargo but they are not eliminated
through the lysosomal system. The reasons for lysosomal failure could be multiple. For
instance in most lysosomal storage disorders (LSDs) the accumulation of undegraded products
inside lysosomes limits their degradative capacity [59]. Undigestible material in lysosomes
could build up or otherwise inhibit hydrolases, and could also dilute or divert the delivery of
lysosomal hydrolases decreasing their efficiency. Interestingly, accumulation of β-amyloid
(Aβ) 1-42, which has a high propensity to aggregate and therefore is less efficiently degraded,
causes leakage of lysosomal enzymes into the cytosol [60-61].

Moreover the build up of AVs filled with undigestible material could inhibit secretory
pathways interfering with nutrient uptake and response to growth factors or recovery from
stress. Additionally, it could also inhibit organelle fusion or block the supply of aminoacids
from autophagic protein breakdown, inducing cell starvation [62]. Additionally, conditions
that alter lysosomal membrane stability, decreases lysosomal biogenesis or changes lysosomal
pH inhibiting lysosomal proteolysis (because of the acidic pH requirements of their degrada‐
tive enzymes) could also alter autophagosome clearance. Lysosomal hydrolases inhibition by
defective acidification of the lysosomal lumen can be due to the inability to target to lysosomes
one of the subunits of the proton pump that usually acidifies this compartment, or by direct
inhibition of cathepsins that leads to reduced rates of autophagy. Changes in the lysosomal
pH could be due to enhanced activity of the V-ATPase. The V-ATPase is a holoenzyme
consisting of a membrane bound Vo and cytosolic V1 components, and both V1 and Vo are
composed of multiple subunits. The Vo subunit a1 is required for acidification of degradative
competent lysosomes [63]. Preservation of low pH is important for cargo release, lysosomal
hydrolase and vesicle maturation, autophagy and neurotransmitter loading into synaptic
vesicle [64].

Accelerated endocytosis also increases protein and lipid accumulation in endosomes and
slows lysosomal degradation of endocytic cargoes [65], leading to lysosomal instability.

The process from protein sorting to endosomal-lysosomal fusion is maintained by the sequen‐
tial interaction of four complexes termed the endosomal sorting complexes required for
transport (ESCRT complexes). The four ESCRT complexes, numbered 0–III, are required for
the degradation of aggregate-prone proteins by autophagy [66]. Mutations or depletions
affecting ESCRT related genes results in deficient maturation of autophagosomes or in their
inability to fuse with lysosomes and endosomes. This leads to autophagosomes accumulation
without degradation of their cargo, as well as, ubiquitin-positive aggregates accumulation
leading to neurodegeneration in many cases [67]. As proteasome is thought to be turned over
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by autophagy [68], blockade of proteasome turnover could disrupt additional degradative
pathways.

More specifically alterations of CMA can also occur. Different pathogenic proteins have been
shown to directly interfere with CMA activity [69]. For instance, mutant forms of alpha-
synuclein fail to translocate to the lysosomal lumen whereas the wild-type protein binds to the
lysosomal receptor and rapidly reaches the lumen for degradation. Consequently, mutant
forms of alpha-synuclein block access of other cytosolic proteins to lysosomes via CMA by
abnormally bind to the lysosomal receptor. Moreover, the accumulation at the surface of
lysosomes of oligomeric forms of pathogenic proteins targeted via CMA destabilizes the
lysosomal membrane and results in leakage of lysosomal enzymes into the cytosol, which often
triggers cellular death.

2.2.1. Consequences of defective autophagy

Healthy cells harbour a high autophagic clearance capacity preventing the “traffic jams” of
endosomes, autophagosomes, as well as, aggregated proteins and damaged organelles. Only
unfolded monomer proteins can undergo degradation through any of these two systems:
autophagy, specifically CMA and ubiquitin-proteasome system (UPS). Consequently, once
organized in oligomers, protofibrils, and fibrils, proteins can only be removed by in-bulk
degradation, such as via microautophagy or macroautophagy. Thus, oligomers and fibrils of
particular proteins can block the proteolytic activity of the UPS and of CMA. These alterations
in intracellular proteins can be due to exposure to intracellular or extracellular stressors, such
as oxidative stress, endoplasmic reticulum stress, ultraviolet radiation and other toxic insults.
In addition, genetic mutations can generate proteins that cannot fold properly or are prone to
aggregation. This can lead to the generation of misfolded proteins or modified soluble proteins
resulting from protein cross-linking and oligomerization. The most toxic forms of altered
proteins are complex organized structures, such as fibrils or oligomers, although the mecha‐
nism by which they exert their cellular toxicity is still controversial. In the absence of a properly
functioning quality control system, and as a last attempt to prevent toxicity, cells favor
formation of protein aggregates rather than fibrils and oligomeric complexes. The maturation
of misfolded or unfolded protein into protein aggregates can vary across different disorders,
but generally protein aggregation results from proteins that fold into an abnormal conforma‐
tion, leading to the formation of oligomeric intermediates [70]. These smaller aggregates, both
structured and unstructured, continue to grow and multimerize into larger aggregates or
inclusions. Larger cytoplasmic inclusions can evolve further and coalesce into an aggresome,
a pericentriolar, membrane-free cytoplasmic inclusion formed specifically at the microtubule
organizing center. It has been proposed that the aggresome is a protective structure, formed
to sequester proteins that cannot be degraded by the proteasome and packaged for degradation
by autophagy. Moreover they sequester toxic monomeric or oligomeric species diluting its
toxicity and facilitating the removal of these toxic species. However, aggregates are not
completely harmless, because they interfere with normal cellular trafficking and become a sink
for still-functional proteins that usually get trapped in these aggregates [71]. Their prolonged
presence in neurons is indicative of some failure in fundamental cellular processes.
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Taking this into account protein aggregation occurs and enhances the complexity that each
neurodegenerative disorders presents. Interestingly, despite the unique features of each
neurodegenerative disease, protein aggregation also shares several common characteristics.
Generally, the major component of the inclusions is often ubiquitously expressed, such as
huntingtin, alpha-synuclein and tau. Moreover the inclusions are found throughout the brain,
and they do not correlate only to the pattern of neurodegeneration that occurs in each
neurodegenerative disorder [6].

In addition, accumulation of defective, no longer functional organelles is also deleterious for
the cells [72]. Whole organelles including peroxisomes and mitochondria are degraded by
macroautophagy. If AVs containing damaged mitochondria or peroxisomes are not degraded,
damaged organelles will gradually accumulate [41, 73].Mitochondrial degradation by autoph‐
agy, known as mitophagy plays an important role in the regulation of mitochondrial function
and remodeling. Mitophagy may also be important in attenuating apoptosis or necrosis, by
clearance of damaged mitochondria. This could then prevent the release of cytochrome c, AIF
(apoptosis-inducing factor) and other apoptotic factors that lead to cell death [74]. Clearly,
autophagic removal of defective mitochondria is of crucial importance for cell survival.
Inhibition of autophagy by 3-methyladenine in growth-arrested human fibroblasts, as a model
of cell aging, results in the accumulation of lipofuscin-like material and of mitochondria, with
a low-membrane potential [75]. Enlarged and structurally deteriorated mitochondria, showing
swelling and disrupted cristae often result in the formation of amorphous material [76-77].
These mitochondria are defective in ATP production and produce increased amounts of ROS
which are harmful for cells [78]. One would think that damaged mitochondria should be
degraded, but their accumulation with age implies that they either acquire replicative
advantage over normal mitochondria, or instead they accumulate due to a decrease in
autophagic-lysosomal pathway.

Overall, autophagy is directly responsible for the maintenance of a proteome free of alterations
[79]. Importantly, autophagy by mediating the removal of damaged organelles after stress
restores organelles homeostasis being essential for the maintenance of cellular homeostasis
and to guarantee cellular survival during stress. When quality control systems fail to accom‐
plish its function is the basis for protein conformational disorders. In many late-onset neuro‐
degenerative disorders, including Parkinson’s disease (PD) and HD, there is accumulation of
intracellular protein aggregates in the brain [6]. The elimination of these intracellular protein
aggregates is often correlated with amelioration of symptoms of the disease [6]. Indeed, in mice
with deficiencies in either Atg733 or Atg534 constitutive autophagy is required for the clearance
of cytosolic aggregate-prone proteins from neurons [80].

3. Autophagy in disease

The broad array of physiological functions attributed to autophagy justifies why alterations in
this catabolic process lead to cellular malfunctioning and often cell death. Autophagy is closely
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by autophagy [68], blockade of proteasome turnover could disrupt additional degradative
pathways.
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lysosomal membrane and results in leakage of lysosomal enzymes into the cytosol, which often
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degradation, such as via microautophagy or macroautophagy. Thus, oligomers and fibrils of
particular proteins can block the proteolytic activity of the UPS and of CMA. These alterations
in intracellular proteins can be due to exposure to intracellular or extracellular stressors, such
as oxidative stress, endoplasmic reticulum stress, ultraviolet radiation and other toxic insults.
In addition, genetic mutations can generate proteins that cannot fold properly or are prone to
aggregation. This can lead to the generation of misfolded proteins or modified soluble proteins
resulting from protein cross-linking and oligomerization. The most toxic forms of altered
proteins are complex organized structures, such as fibrils or oligomers, although the mecha‐
nism by which they exert their cellular toxicity is still controversial. In the absence of a properly
functioning quality control system, and as a last attempt to prevent toxicity, cells favor
formation of protein aggregates rather than fibrils and oligomeric complexes. The maturation
of misfolded or unfolded protein into protein aggregates can vary across different disorders,
but generally protein aggregation results from proteins that fold into an abnormal conforma‐
tion, leading to the formation of oligomeric intermediates [70]. These smaller aggregates, both
structured and unstructured, continue to grow and multimerize into larger aggregates or
inclusions. Larger cytoplasmic inclusions can evolve further and coalesce into an aggresome,
a pericentriolar, membrane-free cytoplasmic inclusion formed specifically at the microtubule
organizing center. It has been proposed that the aggresome is a protective structure, formed
to sequester proteins that cannot be degraded by the proteasome and packaged for degradation
by autophagy. Moreover they sequester toxic monomeric or oligomeric species diluting its
toxicity and facilitating the removal of these toxic species. However, aggregates are not
completely harmless, because they interfere with normal cellular trafficking and become a sink
for still-functional proteins that usually get trapped in these aggregates [71]. Their prolonged
presence in neurons is indicative of some failure in fundamental cellular processes.
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huntingtin, alpha-synuclein and tau. Moreover the inclusions are found throughout the brain,
and they do not correlate only to the pattern of neurodegeneration that occurs in each
neurodegenerative disorder [6].

In addition, accumulation of defective, no longer functional organelles is also deleterious for
the cells [72]. Whole organelles including peroxisomes and mitochondria are degraded by
macroautophagy. If AVs containing damaged mitochondria or peroxisomes are not degraded,
damaged organelles will gradually accumulate [41, 73].Mitochondrial degradation by autoph‐
agy, known as mitophagy plays an important role in the regulation of mitochondrial function
and remodeling. Mitophagy may also be important in attenuating apoptosis or necrosis, by
clearance of damaged mitochondria. This could then prevent the release of cytochrome c, AIF
(apoptosis-inducing factor) and other apoptotic factors that lead to cell death [74]. Clearly,
autophagic removal of defective mitochondria is of crucial importance for cell survival.
Inhibition of autophagy by 3-methyladenine in growth-arrested human fibroblasts, as a model
of cell aging, results in the accumulation of lipofuscin-like material and of mitochondria, with
a low-membrane potential [75]. Enlarged and structurally deteriorated mitochondria, showing
swelling and disrupted cristae often result in the formation of amorphous material [76-77].
These mitochondria are defective in ATP production and produce increased amounts of ROS
which are harmful for cells [78]. One would think that damaged mitochondria should be
degraded, but their accumulation with age implies that they either acquire replicative
advantage over normal mitochondria, or instead they accumulate due to a decrease in
autophagic-lysosomal pathway.

Overall, autophagy is directly responsible for the maintenance of a proteome free of alterations
[79]. Importantly, autophagy by mediating the removal of damaged organelles after stress
restores organelles homeostasis being essential for the maintenance of cellular homeostasis
and to guarantee cellular survival during stress. When quality control systems fail to accom‐
plish its function is the basis for protein conformational disorders. In many late-onset neuro‐
degenerative disorders, including Parkinson’s disease (PD) and HD, there is accumulation of
intracellular protein aggregates in the brain [6]. The elimination of these intracellular protein
aggregates is often correlated with amelioration of symptoms of the disease [6]. Indeed, in mice
with deficiencies in either Atg733 or Atg534 constitutive autophagy is required for the clearance
of cytosolic aggregate-prone proteins from neurons [80].

3. Autophagy in disease

The broad array of physiological functions attributed to autophagy justifies why alterations in
this catabolic process lead to cellular malfunctioning and often cell death. Autophagy is closely
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involved in the etiology of several human diseases contributing to its pathogenesis, including
cancer, neurodegenerative diseases and metabolic disorders [81-82].

3.1. Autophagic dysfunction in neurodegenerative disorders

Alzheimer’s disease

As AD progresses, either due to AD related genes or environmental/aging factors, several
pathological changes of the lysosomal network occurs, such as deregulation of endocytosis
and increased lysosomal biogenesis culminating in a progressive failure of lysosomal clearance
mechanisms [83]. Enlargement of Rab5 and Rab7 positive endosomes is one of the earliest
specific pathology reported in AD brain tissue which reflects a pathological acceleration of
endocytosis. Interestingly, it develops in pyramidal neurons of the neocortex at a stage when
plaques and tangles are restricted only to the hippocampus. Furthermore genes involved in
endocytosis are up-regulated in AD and their corresponding proteins are abnormally recruited
to endosomes promoting fusion and enlargement of early and late endosomes, which is a
specific characteristic of AD and is not seen in normal aging brain. Acceleration of endosome
pathology is also seen in individuals who inherit the ε4 allele of APOE, the major risk factor
for late-onset AD [84-85]. Lipinski and co-workers recently reported that transcription of
factors that promote autophagy are up-regulated in the brains of AD patients, while negative
regulators of autophagy are down-regulated [86]. Indeed, cellular ultrastructural changes have
been described in AD brain biopsies revealing a high level of AVs within dystrophic neurites
[87]. AVs and lysosomes constitute more than 95% of the organelles in dystrophic neuritic
swellings in AD. This means that autophagy initiation is up-regulated or its progression is
either delayed or impaired. However the profuse and selective accumulation of AVs in
dystrophic neurites indicates a defect in the clearance of AVs by lysosomes rather than an
abnormally augment of autophagy. In the case of familial AD, for instance, presenilin 1 (a
ubiquitous transmembrane protein involved in diverse biological roles) mutations hinder
lysosome proteolysis and accelerate neuritic dystrophy which also supports a primary role for
failure of proteolytic clearance. Presenilin 1 is required for lysosome acidification which is
needed to activate cathepsins and other hydrolases that carry out digestion during autophagy.
Mutations in Presenilin 1 result in impaired targeting of the a1 subunit of V0-ATPase from the
endoplasmic reticulum to the lysosome. As V0-ATPase is required for acidification of the
autolysosome contents, mutations in Presenilin 1 are proposed to be involved in the defective
proteolysis of autophagic substrates in patients with AD [88]. Furthermore, Zhang and
colleagues reported for the first time, a role for presenilins in regulating lysosomal biogenesis
[89]. The role of impaired lysosomal degradation in the etiology of AD was underscored in a
study of a transgenic mouse model of this disease. In these mice, deletion of cystatin B (an
endogenous inhibitor of lysosomal cysteine proteases) stimulated the turnover of proteins by
the lysosome, enhanced the clearance of the autophagic substrates (including Aβ), and rescued
the deficient cognitive phenotype of the animals. Furthermore, in APP transgenic mouse
models of AD, undigested autophagic substrates including LC3-II, p62, and ubiquitinated
proteins accumulate in neuronal AVs [90]. This general failure to clear autophagy substrates
affects clearance of various proteins relevant to AD pathogenesis, including the protein Aβ
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and tau promoting cell death [91]. These results indicate that mutant APP overexpression alone
can lead to autophagic-lysosomal pathology. However the mechanism by which overexpres‐
sion of mutant APP may lead to impaired autophagy and neuritic dystrophy, is not well
understood. One possibility is that APP may affect the endosomal-lysosomal system. Strong
overexpression of human Aβ42 in Drosophila neurons induces age-related accumulation of
Aβ in AVs and neurotoxicity which is further enhanced by autophagy activation and is
partially rescued by autophagy inhibition [92]. These authors propose that the structural
integrity of post-fusion AVs may be compromised in Aβ42 affected neurons, leading to
subcellular damage and loss of neuronal integrity in the Aβ42 flies. Moreover, expression of
an APOΕε4 allele, but not the APOEε3 allele, in a mouse AD model increases levels of
intracellular Aβ in lysosomes, altering their function and causing neurodegeneration [93].
Interestingly, inhibition of Aβ aggregation rescues the autophagic deficits in the TgCRND8
mouse model of AD [94]. Autophagy sequesters and digests unneeded or damaged organelles,
some of which are APP-rich [95]. Autophagosomes are enriched in APP as well as APP
substrates and enzymes that are responsible for processing APP into Aβ. Under normal
circunstances Aβ is subsequently degraded by lysosomes [96-97]. Therefore autophagosomes
are a site of intracellular production of Aβ, thus upon their cellular accumulation amyloid
deposition occurs [98].

Failure of the autophagic system also compromises the elimination of aggregate forms of tau,
a protein that also accumulates in AD neurons [99]. In fact, for certain types of tau mutations,
pathogenic tau could contribute to the failure of macroautophagy, due to the toxic effect that
the still soluble forms of the protein exert in the membrane of lysosomes when they are
delivered to this compartment by CMA. Furthermore, particular mutant forms of tau have
been shown to abnormally interact with components of the lysosomal CMA translocation
machinery [100]. More interestingly, stimulation of autophagy is neuroprotective in a mouse
model of human tauopathy [101]. In addition to the defects in late stages of autophagy,
evidence suggests that autophagy might be disrupted at the level of autophagosome formation
in patients with AD. Compared with healthy individuals, the brains of patients with AD show
reduced expression of Beclin-1, which could lead to an impairment in the initiation of autoph‐
agy [95]. Transgenic mice that expressed a mutated form of the human APP on a Beclin-1
haploinsufficient background had disrupted autophagy, as well as, increased intracellular
Aβ accumulation and neurodegeneration, compared with mice that expressed the mutated
human APP in the context of a normal Beclin-1 background [95]. Caspase 3-mediated cleavage
of Beclin-1 occurs in the brains of patients with AD; thus, increased activity of this enzyme
might contribute to the loss of Beclin-1 function in individuals with this disease [102].

Parkinson’s disease

In PD the most common pathogenic protein, alpha-synuclein, is usually degraded by different
autophagic and non-autophagic pathways. Soluble forms of the protein are substrates of both
the UPS and of CMA [103]. However, macroautophagy is the only plausible way for the
elimination of the pathogenic variants of this protein once they aggregate [104]. When alpha-
synuclein aggregates can no longer be degraded by either the UPS or CMA, macroautophagy
becomes the only proteolytic pathway able to remove these proteinaceous deposits from the
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involved in the etiology of several human diseases contributing to its pathogenesis, including
cancer, neurodegenerative diseases and metabolic disorders [81-82].

3.1. Autophagic dysfunction in neurodegenerative disorders
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pathological changes of the lysosomal network occurs, such as deregulation of endocytosis
and increased lysosomal biogenesis culminating in a progressive failure of lysosomal clearance
mechanisms [83]. Enlargement of Rab5 and Rab7 positive endosomes is one of the earliest
specific pathology reported in AD brain tissue which reflects a pathological acceleration of
endocytosis. Interestingly, it develops in pyramidal neurons of the neocortex at a stage when
plaques and tangles are restricted only to the hippocampus. Furthermore genes involved in
endocytosis are up-regulated in AD and their corresponding proteins are abnormally recruited
to endosomes promoting fusion and enlargement of early and late endosomes, which is a
specific characteristic of AD and is not seen in normal aging brain. Acceleration of endosome
pathology is also seen in individuals who inherit the ε4 allele of APOE, the major risk factor
for late-onset AD [84-85]. Lipinski and co-workers recently reported that transcription of
factors that promote autophagy are up-regulated in the brains of AD patients, while negative
regulators of autophagy are down-regulated [86]. Indeed, cellular ultrastructural changes have
been described in AD brain biopsies revealing a high level of AVs within dystrophic neurites
[87]. AVs and lysosomes constitute more than 95% of the organelles in dystrophic neuritic
swellings in AD. This means that autophagy initiation is up-regulated or its progression is
either delayed or impaired. However the profuse and selective accumulation of AVs in
dystrophic neurites indicates a defect in the clearance of AVs by lysosomes rather than an
abnormally augment of autophagy. In the case of familial AD, for instance, presenilin 1 (a
ubiquitous transmembrane protein involved in diverse biological roles) mutations hinder
lysosome proteolysis and accelerate neuritic dystrophy which also supports a primary role for
failure of proteolytic clearance. Presenilin 1 is required for lysosome acidification which is
needed to activate cathepsins and other hydrolases that carry out digestion during autophagy.
Mutations in Presenilin 1 result in impaired targeting of the a1 subunit of V0-ATPase from the
endoplasmic reticulum to the lysosome. As V0-ATPase is required for acidification of the
autolysosome contents, mutations in Presenilin 1 are proposed to be involved in the defective
proteolysis of autophagic substrates in patients with AD [88]. Furthermore, Zhang and
colleagues reported for the first time, a role for presenilins in regulating lysosomal biogenesis
[89]. The role of impaired lysosomal degradation in the etiology of AD was underscored in a
study of a transgenic mouse model of this disease. In these mice, deletion of cystatin B (an
endogenous inhibitor of lysosomal cysteine proteases) stimulated the turnover of proteins by
the lysosome, enhanced the clearance of the autophagic substrates (including Aβ), and rescued
the deficient cognitive phenotype of the animals. Furthermore, in APP transgenic mouse
models of AD, undigested autophagic substrates including LC3-II, p62, and ubiquitinated
proteins accumulate in neuronal AVs [90]. This general failure to clear autophagy substrates
affects clearance of various proteins relevant to AD pathogenesis, including the protein Aβ
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and tau promoting cell death [91]. These results indicate that mutant APP overexpression alone
can lead to autophagic-lysosomal pathology. However the mechanism by which overexpres‐
sion of mutant APP may lead to impaired autophagy and neuritic dystrophy, is not well
understood. One possibility is that APP may affect the endosomal-lysosomal system. Strong
overexpression of human Aβ42 in Drosophila neurons induces age-related accumulation of
Aβ in AVs and neurotoxicity which is further enhanced by autophagy activation and is
partially rescued by autophagy inhibition [92]. These authors propose that the structural
integrity of post-fusion AVs may be compromised in Aβ42 affected neurons, leading to
subcellular damage and loss of neuronal integrity in the Aβ42 flies. Moreover, expression of
an APOΕε4 allele, but not the APOEε3 allele, in a mouse AD model increases levels of
intracellular Aβ in lysosomes, altering their function and causing neurodegeneration [93].
Interestingly, inhibition of Aβ aggregation rescues the autophagic deficits in the TgCRND8
mouse model of AD [94]. Autophagy sequesters and digests unneeded or damaged organelles,
some of which are APP-rich [95]. Autophagosomes are enriched in APP as well as APP
substrates and enzymes that are responsible for processing APP into Aβ. Under normal
circunstances Aβ is subsequently degraded by lysosomes [96-97]. Therefore autophagosomes
are a site of intracellular production of Aβ, thus upon their cellular accumulation amyloid
deposition occurs [98].

Failure of the autophagic system also compromises the elimination of aggregate forms of tau,
a protein that also accumulates in AD neurons [99]. In fact, for certain types of tau mutations,
pathogenic tau could contribute to the failure of macroautophagy, due to the toxic effect that
the still soluble forms of the protein exert in the membrane of lysosomes when they are
delivered to this compartment by CMA. Furthermore, particular mutant forms of tau have
been shown to abnormally interact with components of the lysosomal CMA translocation
machinery [100]. More interestingly, stimulation of autophagy is neuroprotective in a mouse
model of human tauopathy [101]. In addition to the defects in late stages of autophagy,
evidence suggests that autophagy might be disrupted at the level of autophagosome formation
in patients with AD. Compared with healthy individuals, the brains of patients with AD show
reduced expression of Beclin-1, which could lead to an impairment in the initiation of autoph‐
agy [95]. Transgenic mice that expressed a mutated form of the human APP on a Beclin-1
haploinsufficient background had disrupted autophagy, as well as, increased intracellular
Aβ accumulation and neurodegeneration, compared with mice that expressed the mutated
human APP in the context of a normal Beclin-1 background [95]. Caspase 3-mediated cleavage
of Beclin-1 occurs in the brains of patients with AD; thus, increased activity of this enzyme
might contribute to the loss of Beclin-1 function in individuals with this disease [102].

Parkinson’s disease

In PD the most common pathogenic protein, alpha-synuclein, is usually degraded by different
autophagic and non-autophagic pathways. Soluble forms of the protein are substrates of both
the UPS and of CMA [103]. However, macroautophagy is the only plausible way for the
elimination of the pathogenic variants of this protein once they aggregate [104]. When alpha-
synuclein aggregates can no longer be degraded by either the UPS or CMA, macroautophagy
becomes the only proteolytic pathway able to remove these proteinaceous deposits from the
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neuronal cytosol. As in the other disorders, post-translational modifications and pathogenic
forms of alpha-synuclein promote the formation of oligomeric species that interfere with the
normal functioning of the UPS [105], CMA [103] and even macroautophagy at the level of
autophagosome formation [106]. In fact, upregulation of wild-type alpha-synuclein leads to
significant inhibition of macroautophagy [107] and mutant forms of alpha-synuclein A30P and
A53T have been shown to be poorly degraded by CMA, because they are not translocated into
the lysosome although they bind to the lysosomal membrane with high affinity. Furthermore,
because of their high-affinity binding to the CMA receptor, they block the uptake and
degradation of other CMA substrates, leading to a general CMA blockage [103]. Indeed,
dopamine-modified alpha-synuclein, which is modified by non-covalent binding of oxidized
dopamine, not only is poorly degraded by CMA but also block degradation of other substrates
[108]. Subsequently, normal substrate proteins for CMA can no longer be turned over through
this pathway and also end up accumulating inside the affected cells. Interestingly, inhibition
of the UPS and CMA promote macroautophagy upregulation, [21] which maintains normal
levels of protein degradation and removes the cytosolic toxic and aggregated alpha-synuclein
[109]. AVs have also been described in melanized neurons of the substantia nigra in PD [110].
This accumulation is consistent with either an overproduction or impaired turnover of AVs.
Additionally, LC3-II levels were increased in patients with diffuse Lewy Body Disease and
PD, and LC3 co-localized with alpha-synuclein in most Lewy Bodies and Lewy neurites,
suggesting an increase in macroautophagy, as well as, an attempt to clear alpha-synuclein
pathology by up-regulating autophagic activation [111-113]. Furthermore, Alvarez-Erviti et
al. revealed that CMA activity, as well as, LAMP-2A and hsc70 levels were significantly
decreased in the substantia nigra from PD patients when compared to controls [114]. Likewise,
cathepsin D immunoreactivity was significantly reduced in substantia nigra neurons of PD
patients with an even greater decrease in alpha-synuclein inclusion-bearing cells [115].This
suggests the presence of abundant and dysfunctional autophagosomes and lysosomes in PD
and diffuse Lewy Body Disease. In several cell models, such as SK-SH5Y [116], BE-M17 [117],
PC12 cells [118] , as well as, in primary mesencephalic [117] or cortical neurons [119], 1-
methyl-4-phenylpyridinium (MPP+) has been shown to perturb the autophagy flux, as
mirrored by an evident increase in the number of LC3-positive autophagic vesicles, in
association with apoptotic or nonapoptotic cell death. More interestingly, cells harboring PD
patient’s mitochondria or in mitochondrial DNA-depleted cells show compromise quality
control autophagic response and defective clearance of the AVs [120]. The recently identified
physiological role for Parkin and Pink1, two PD-causative genes, in mitophagy, suggests that
alterations of this selective form of autophagy could also contribute to the pathogenesis of this
disease [121]. PINK1 encodes the serine–threonine kinase and is localized to the outer mito‐
chondrial membrane, and PARK2 encodes Parkin, an E3 ubiquitin ligase. Under basal
conditions, Parkin is mainly found in the cytosol where its ubiquitin ligase activity is inhibited
by an unknown mechanism. Loss of mitochondrial membrane potential drives the recruitment
of Parkin to the mitochondria. In fact, under physiologic and pathologic stress, Parkin is
selectively recruited from the cytosol to damaged mitochondria in a PINK-1-dependent
manner where ubiquinates membrane proteins such as voltage-dependent anion channel 1
and mitofusins 1 and 2, mediating the elimination of the mitochondria by mitophagy [122-124].
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Neurodegeneration in PINK-1 and Parkin-positive familial forms of PD may result from a
defect in mitophagy, leading to the accumulation of damaged mitochondria and excessive ROS
production. In fact, Parkin-deficient mice accumulate dysfunctional mitochondria and
oxidative damage [125] while Drosophila flies with mutated Parkin are particularly sensitive
to oxygen radical stress [126]. In addition, other PD causative gene, DJ-1 also plays a protective
role in autophagy. Loss of DJ-1 has been shown to result in decreased basal autophagy [127].
Moreover, Irrcher and co-workers demonstrated that DJ-1 deficiency leads to altered autoph‐
agy in murine and human cells [128]. McCoy and Cookson also showed that loss of DJ-1 leads
to mitochondrial phenotypes including reduced membrane potential, increased fragmentation
and accumulation of autophagic markers [129]. Moreover, Lrrk2 gene which is mutated in
certain dominant forms of familial PD was shown to modulate autophagy. For instance,
G2019S mutation induces autophagy via MEK/ERK pathway and inhibition of this exacerbated
autophagy reduces the sensitivity observed in G2019S mutant cells [130]. Furthermore, Lrrk2
was shown to co-localize with markers of the endosomal–lysosomal pathway in cases of
diffuse Lewy Body Disease [131]. Loss of function of Lrrk2 mutants have been shown to
decrease neuritic arbor and to cause the accumulation of autophagic vesicles and swollen
lysosomes containing tau inclusion bodies [132]. However, the precise mechanism(s) by which
LRRK2 regulates autophagy are still elusive. Interestingly, recent data suggest a mechanism
involving late steps in autophagic-lysosomal clearance in a manner dependent on NAADP
(nicotinic acid-adenine dinucleotide phosphate)-sensitive lysosomal Ca2+ channels [133]. Other
connection between autophagy and PD has been established in studies where mutant forms
of the ubiquitin carboxyl-terminal esterase L1 (UCHL-1) described in some familial forms of
PD were shown to interact abnormally with CMA components, namely hsc70, hsp90, and
LAMP-2A. The abnormally binding between UCHL-1 and these three CMA components was
proposed to interfere with CMA activity [134].

3.2. Autophagic dysfunction in lysosomal storage disorders

Lysosomes are ubiquitous organelles that have crucial roles in cellular clearance. Individually
rare, it is now known that about 1 in 7500 live-born infants in many populations will have a
lysosomal disease [135]. The LSDs are a group of over 60 diseases, clinically characterized by
a progressive phenotype involving multiple organs and tissues, including severe neurode‐
generation [136]. Indeed, LSDs involving primary defects in lysosome function commonly
exhibit prominent neurodegenerative phenotypes, including neuritic dystrophies closely
resembling the ultrastructural morphologies of dystrophic neurites in AD and, in some of these
disorders, neurofibrillary tangles as well as increased amyloidogenic processing of APP and
diffuse Aβ deposits [137]. Walter and colleagues demonstrated in LSDs an accumulation of
sphingolipids, as occurs in lysosomal lipid storage disorders and, decreases the lysosome-
dependent degradation of APP C-terminal fragments that stimulates γ-secretase activity
increasing the generation of both intracellular and secreted Aβ. Notably, primary fibroblasts
from patients with different storage diseases show strong accumulation of potentially
amyloidogenic APP C-terminal fragments [138]. LSDs are characterized by progressive
accumulation of undigested metabolites such as glycogen, ceramide, heparin sulphate and
glucocerebroside, among others, within the cell due to lysosomal dysfunction. Loss-of-
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function of lysosomal proteins causes accumulation of autophagic and endosomal substrates,
and as a result lysosomal storage. Such proteins include lysosomal enzymes, lysosomal
integral membrane proteins, and proteins involved in the post-translational modification and
trafficking of lysosomal proteins. Defects in these proteins involved in lysosome regulation or
function induce the accumulation of undigested molecules that can subsequently alter many
cellular processes. These include lysosomal pH regulation, synaptic release, endocytosis,
vesicle maturation, autophagy, exocytosis and Ca2+ homeostasis [139-140]. As a consequence,
many tissues and organ systems are affected, including brain, viscera, bone and cartilage, with
early onset central nervous system dysfunction predominating. Although individuals with
LSDs can display early symptoms, the majority are clinically normal at birth which suggests
that lysosomal dysfunction per se does not impact significantly the events of early brain
development. Furthermore children typically meet early development milestones signifying
that lysosomal storage does not affect neuronal function and maturation at early develop‐
mental stages. In patients with these disorders, dysfunction of a lysosomal enzyme (usually
one of the many lysosomal hydrolases) causes impaired degradation of the enzyme’s substrate,
which accumulates within lysosomes [136]. An abundance of AVs is a common feature of cells
from patients with LSDs. Lysosomal storage impairs autophagic delivery of bulk cytosolic
contents to lysosomes. This can be attributed to a defect in autophagosome–lysosome fusion
as a result of dysfunction of the lysosomal compartment. This, in turn, leads to a progressive
accumulation of poly-ubiquitinated protein aggregates and of dysfunctional mitochondria,
suggesting that neurodegeneration in LSDs may share mechanisms with some neurodegener‐
ative disorders in which the accumulation of protein aggregates is a prominent feature [141].
This defect in autophagosome-lysosome fusion can result from an impairment of vesicular
trafficking due to a microtubule-based transport deficiency. The motor protein dynein
mediates the movement of mature autophagosomes towards lysosomes. Indeed, mutations
affecting dynein impair the autophagic degradation of aggregate‑prone proteins [54]. Another
possible mechanism involves changes in the lipid composition of lysosomal membranes. In
fact, lipids have been demonstrated to accumulate in a wide range of LSDs [142]. These lipids
are the principal constituents of lipid‑rafts. Since lipid‑rafts play a critical role in membrane
physiology influencing their plasticity, it is possible that the abnormal accumulation of lipids
in LSDs leads to an increase in lipid‑rafts that affects the dynamics of lysosomal membranes
and specifically their ability to fuse with autophagosomes. Indeed, in conditions that are
similar to what is found in Niemann Pick type C diseases-1 and-2, cholesterol accumulation
in late endosomes perturb the intra-endosomal trafficking affecting most likely autophago‐
some maturation [143].

Impaired autophagy has been reported in several models of LSDs, including Pompe disease,
Niemann-Pick disease, the neuronal ceroid lipofuscinoses, multiple sulphatase deficiency, and
GM1-gangliosidosis. Additionally, lysosomal function is intimately linked to exocytosis
(removal of cellular cargo by fusion of vesicle with the plasma membrane), and multiple LSDs,
such as mucolipidosis type I, Niemann-Pick disease and sialidosis have been shown to have
impaired exocytosis [144].

Autophagy - A Double-Edged Sword - Cell Survival or Death?96

The first LSD in which an involvement of autophagy was reported was Danon disease (also
called “glycogen storage disease due to LAMP2 deficiency” or “lysosomal glycogen storage
disease with normal acid maltase activity”) [145]. It was reported an accumulation of AVs in
several tissues, particularly the muscle, from a mouse model of the disease [146]. The disease,
extremely rare, is inherited as an X-linked trait and the disease phenotype is characterized by
severe cardiomyopathy and variable skeletal muscle weakness often associated with mental
retardation.

Another LSD is Multiple sulfatase deficiency which is attributed to deficiencies in the activity
of sulfatase enzymes. The sulfatases are a family of enzymes that catalyze the hydrolysis of
sulfate ester bonds in a wide variety of substrates, ranging from complex molecules, such as
glycosaminoglycans, to sulfolipids and steroid sulfates. These enzymes can be divided, at least
in mammals, into two main groups based on their subcellular localization: those found in
lysosomes (acting at an acidic pH) and those found in the endoplasmic reticulum, the Golgi
apparatus and at the cell surface (acting at a neutral pH) [147]. Sulfatases are activated upon
a post-translational modification by sulfatase modifying factor 1. The gene encoding sulfatase
modifying factor 1 in humans is mutated in this rare autosomal recessive disorder, in which
the activity of all sulfatases is profoundly impaired [148]. As for other types of LSDs, the
pathogenic mechanisms that lead from enzyme deficiency to cell death in Multiple sulfatase
deficiency is not completely understood. An impairment of autophagy is postulated to play a
major role in disease pathogenesis. In mouse models of multiple sulfatase deficiency, it was
observed an accumulation of autophagosomes resulting from defective autophagosome-
lysosome fusion which was demonstrated by the inefficient degradation of exogenous
aggregate-prone proteins (expanded huntingtin and mutated alpha-synuclein) and defective
organelles [59]. Moreover in chondrocytes from multiple sulfatase deficiency mice show a
severe lysosomal storage defect and a defective autophagosome digestion leading to a defect
in energy metabolism and to cell death [149]. Interestingly, the mechanisms underlying the
impairment of the fusion between lysosomes and autophagosomes in multiple sulfatase
deficiency seems to involve abnormalities of membrane lipid composition and SNARE protein
distribution [150]. Overall, it seems that a global lysosomal dysfunction leads to the impaired
autophagy observed in the pathogenesis of multiple sulfatase deficiency.

Niemann-Pick type C disease is caused by mutations in the NPC1 or NPC2 genes, [151] whose
protein products are thought to act cooperatively in the efflux of cholesterol from late endo‐
somes and lysosomes [152]. In the Niemann–Pick type C disease defects in lysosomal traffick‐
ing and biogenesis occur. Moreover, a marked accumulation of autophagosomes occurs in the
brains of Niemann–Pick disease type C mice and in skin fibroblasts from Niemann–Pick
disease type C patients [153-155]. Using human embryonic stem cell-derived neurons engi‐
neered to mimic the cholesterol lysosomal storage disease Niemann Pick type C, we have
shown that excessive activation and impaired progression of the autophagic pathway lead to
abnormal mitochondrial clearance [156]. NPC1 deficiency leads to both an induction of
autophagy and an impairment of autophagic flux. The impairment in degradation of auto‐
phagic substrates may contribute to several aspects of NPC neuropathology, including the
accumulation of ubiquitinated proteins and the generation of ROS.
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Gaucher’s disease is an autosomal recessive condition, due to deficient activity of lysosomal
β-glucosylceramidase. The pathologically enlarged and often multinucleate ‘storage’ cell is a
striking feature of Gaucher’s disease. Similarly to Niemann-Pick type C disease, also models
of Gaucher disease show both an induction of autophagy and an accumulation of autophago‐
somes and autophagic substrates [157-158].

In LSDs the primary alteration of the lysosomal compartment can indirectly affect CMA
activity.  However,  there  are  two  LSDs  for  which  alterations  in  CMA are  not  merely  a
consequence  of  the  lysosomal  alteration,  but  rather  are  due  to  the  possible  functional
association of the mutant protein with CMA, such as galactosialydosis and mucolipidosis
type  IV.  The  first  one  is  caused by  a  mutation or  loss  of  cathepsin  A gene  which is  a
protease involved in CMA regulation and contributes to lysosomal activity and stability.
Moreover  is  also  involved  in  the  degradation  of  LAMP-2A  [159].  Loss  of  cathepsin  A
enzymatic activity leads to slower LAMP-2A degradation resulting to an increase in CMA
activity which contributes to an extreme weight loss that characterizes these patients.  In
the second LSD the mutated protein, the transient receptor potential mucolipin-1 (TRPML1)
which  is  a  endolysosomal  cation  channel,  interacts  with  HSPA8  (HSC70)  and  DNAJB1
(HSP40),  two components  of  the CMA molecular  machinery leading to decreased CMA
activity in response to serum removal [160]. Moreover it has been suggested that TRPML1
mediates Ca2+ efflux from late endosomes and lysosomes indicating that TRPML1 is a key
regulator of membrane trafficking along the endosomal pathway [161]. In fact, in TRPML1-
deficient  cells  the delivery of  cargo from the cell  surface to the lysosome and fusion of
lysosomes with the plasma membrane is impaired [162-163].

In spite of all the above mentioned differences among diseases in most cases there is an
impairment of autophagic flux, causing a secondary accumulation of autophagy substrates
and on the other hand an increase in factors involved in autophagosome formation, such as
Beclin1, as an attempt to compensate for the impaired autophagic flux. Accordingly, LSDs can
be seen primarily as “autophagy disorders.” [164].

3.3. Autophagic dysfunction in diabetes

In response to a variety of metabolic stressors such as nutrient starvation, growth factor
withdrawal,  high lipid content challenges or hypoxia macroautophagy and CMA can be
induced  [165].  Moreover  autophagy  is  also  capable  of  mobilizing  energetically  efficient
molecules,  such as lipids,  glycogen and nucleic  acids which can be used by TCA cycle,
gluconeogenesis and glycolysis to produce ATP [165-166]. This capability of autophagy to
maintain ATP production and support macromolecular synthesis makes it a pro-survival
pathway of particular importance in organs with high energetic requirements, such as the
heart  or  skeletal  muscles.  Therefore,  alterations  of  this  specific  autophagic  function  can
constitute the basis of some common metabolic disorders such as diabetes. Type II diabe‐
tes  is  caused,  in  most  cases,  by  the  inability  of  the  body  to  buffer  the  free  fatty  acid
concentration.  This  increases  the redox pressure on the mitochondrial  respiratory chain,
increases ROS production, reduces mitochondrial function, and increases apoptosis of beta-
cells  [167].  Moreover  it  is  characterized  by  insulin  resistance  and  failure  of  beta-cells
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producing insulin.  The most potent fatty acid causing insulin resistance is palmitate.  As
palmitate  is  the  precursor  of  ceramide  and  sphingolipid  biosynthesis,  the  sphingolipid
pathway  has  been  implicated  in  the  etiology  of  insulin  resistance  [168].  Interestingly,
ceramide has been shown to activate autophagy by upregulating beclin1 [169]. Moreover a
decrease  in  intracellular  aminoacid  concentrations  and  a  decrease  in  mTOR-dependent
signaling may also contribute to the activation of autophagy by ceramide [170]. If in fact
autophagy turns out to be up-regulated in type II diabetes, we could speculate that the onset
of insulin resistance in elderly people could be an adaptive mechanism aiming to increase
autophagy  and  helping  to  improve  the  ability  to  remove  damaged  organelles  [171].
Autophagy is inhibited by the insulin -mTOR signaling pathway and can be activated either
upon aminoacid depletion or by rapamycin administration. Insulin inhibits autophagy in
two  ways:  first  by  activating  mTOR  in  synergy  with  aminoacids,  which  results  in  the
phosphorylation and inhibition of the protein kinase Atg1 (ULK1 in mammals); and second
by protein  kinase  B-mediated phosphorylation and inhibition of  the  transcription factor
FoxO3, which is responsible for the expression of ATG genes [172]. Because insulin inhibits
autophagy in insulin-sensitive cells,  such as beta-cells,  autophagy might be increased. In
addition, as a result of free fatty acid induced oxidative stress insulin resistance develops
in response to over-feeding, which is one of the major causes of insulin resistance. Interest‐
ingly, ROS are known to be required to trigger autophagy, probably because they oxidize
a critical cysteine residue in Atg4 [173]. A report from 2007 showed that oxidative stress
induced  by  diabetes  leads  to  ubiquitination  and  storage  of  proteins  into  cytoplasmatic
aggregates  that  do  not  co-localize  with  insulin.  Because  accumulation  of  ubiquitinated
protein  may  damage  cells,  such  data  suggests  that  autophagy  may  contribute  to  the
regulation of beta-cell  survival and death acting as a defense to cellular damage during
diabetes [174]. To prove that a relationship between autophagy and beta-cell death indeed
exists experiments were performed in a mouse model whose beta-cells were deficient in
autophagic activity. In beta-cell specific Atg7 knockout mice it was reported by two different
studies islet degeneration, decreased glucose tolerance, insulin secretion and accumulation
of large ubiquitin-containing protein aggregates indicating that autophagy was impaired.
This happened even with overexpression of LC3-binding protein p62, which is required for
polyubiquitinated protein aggregates to be delivered to the autolysosome [175-176]. In beta-
cells from diabetic animals the levels of autophagosomes was significantly increased in both
diabetic db/db mice and in non-diabetic control mice fed with a high-fat diet. This can occur
either as a result of impaired autophagosome/lysosome fusion, or impaired function of the
lysosomal proton pump. Interestingly when Atg7(-/-)  mice were fed with a high-fat diet
their glucose tolerance decreased indicating once again the important role of autophagy in
maintaining proper beta-cell function under stressful conditions. Ebato and colleagues also
showed that free fatty acids which can cause peripheral insulin resistance associated with
diabetes induced autophagy in beta-cells [176]. These findings suggest that basal autopha‐
gy is important for maintenance of normal islet architecture and function and protects beta-
cells against cell damage [177]. Interestingly in autophagy-deficient beta-cells ubiquitinated
proteins accumulated inside cells. Moreover also p62, a specific autophagy substrate also
accumulated  in  autophagy-deficient  beta-cells  [178].  Furthermore,  exposure  of  human
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producing insulin.  The most potent fatty acid causing insulin resistance is palmitate.  As
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Autophagy is inhibited by the insulin -mTOR signaling pathway and can be activated either
upon aminoacid depletion or by rapamycin administration. Insulin inhibits autophagy in
two  ways:  first  by  activating  mTOR  in  synergy  with  aminoacids,  which  results  in  the
phosphorylation and inhibition of the protein kinase Atg1 (ULK1 in mammals); and second
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either as a result of impaired autophagosome/lysosome fusion, or impaired function of the
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showed that free fatty acids which can cause peripheral insulin resistance associated with
diabetes induced autophagy in beta-cells [176]. These findings suggest that basal autopha‐
gy is important for maintenance of normal islet architecture and function and protects beta-
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neuroblastoma  SH-SY5Y  cells  to  sera  from  type  2  diabetic  patients  with  neuropathy  is
associated with increased levels of autophagosomes [179]. Jung and co-workers showed that
the presence of  defective beta-cell  mitochondria  and endoplasmic reticulum presumably
contributed to the reduced ability to produce insulin, indicating that decreased function and
mass of beta-cells can result from mitochondrial dysfunction and endoplasmic reticulum
stress, since both organelles are autophagic substrates [175].Moreover, deregulated autoph‐
agy may be involved in insulin resistance.  In fact,  mitochondrial  impairment and defec‐
tive endoplasmic stress response have been implicated in insulin resistance [180-182].  In
pancreatic beta-cells, the endoplasmic reticulum is the crucial site for insulin biosynthesis.
Consequently, perturbations to endoplasmic reticulum function of the beta-cell, such as those
caused by high levels of free fatty acid and insulin resistance, can lead to an imbalance in
protein  homeostasis  and ER stress,  which  has  been recognized as  an  important  mecha‐
nism for  type 2  diabetes.  Macroautophagy is  activated as  a  novel  signaling pathway in
response to ER stress [183]. In the brain of young patients with poorly controlled type I
diabetes  mellitus  and  fatal  diabetic  ketoacidosis  was  demonstrated  increased  levels  of
macroautophagy-associated proteins as well as increased levels of the ER-associated GRP78.
Therefore  probably  chronic  metabolic  instability  and  oxidative  stress  may  cause  altera‐
tions in the autophagy-lysosomal pathway [184].

Interestingly, insulin resistance, one of the major components of type II diabetes mellitus is a
known risk factor for AD. Son and co-workers observed that insulin resistance promotes Aβ
generation in the brain via altered insulin signal transduction, increased BACE1/β-secretase
and γ-secretase activities, and accumulation of autophagosomes. These authors proposed that
the insulin resistance that underlies the pathogenesis of type II diabetes mellitus might alter
APP processing through autophagy activation, which might be involved in the pathogenesis
of AD [185].

4. Targeting autophagy

The evidence indicating that induction of autophagy is cytoprotective in neurodegenerative
disease models raises the possibility that this intracellular catabolic pathway may be exploited
to clear toxic disease proteins and provide therapeutic benefit for patients. Consequently, novel
approaches to manipulating autophagy in human patients are desirable.

Using a yeast screen, one recent study identified several small molecules capable of augment‐
ing autophagy in mammalian cells and further demonstrated therapeutic benefit of these
compounds in a Drosophila model of neurodegeneration [186].

Knockdown of autophagy blocks the protective effects of delayed aging, suggesting that
neuroprotection associated with manipulation of aging pathways is autophagy dependent
[97]. These results are consistent with the notion that protein aggregation neuronal dysfunction
might occur coincidentally with age-related decline in cellular mechanisms to deal with
misfolded protein species. Thus, the age-related onset of pathology in neurodegenerative
conditions might be correlated with a decline in autophagic capacity beyond a critical thresh‐
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old. However, additional studies will be required to define the precise relationship of aging,
autophagy and neurodegeneration. In the case of some diseases autophagy is initially induced
as a neuroprotective response in stressed or injured neurons, but is subsequently overwhelmed
or impaired by disease-related factors. This could partly account for evidence that autophagy
seems to be both induced and impaired in several major neurodegenerative diseases. Over‐
expression of HDAC6, a cytoplasmic deacetylase containing a ubiquitin-binding domain, was
found to suppress neurodegeneration in a model of polyglutamine disease and to compensate
for defects in the UPS by facilitating autophagic protein degradation [187]. These results
suggest that HDAC6 functions at the intersection of the UPS and autophagy and identify
HDAC6 as a promising target for pharmacological manipulation in neurodegeneration.

Pharmacological activation of autophagy can be achieved with rapamycin, a lipophilic
macrolide antibiotic. Chronic low-level stimulation of autophagy through peripheral admin‐
istration of rapamycin or other agents [188], or enhancing lysosomal proteolysis selectively
[90, 189], can markedly diminish Aβ levels and amyloid load in APP transgenic mice, under‐
scoring the importance of lysosomal clearance of Aβ. In both APP and triple transgenic mouse
models of AD for instance peripheral administration of rapamycin significantly reduces Aβ
deposition and tau pathology [188, 190-191]. Furthermore, by deleting an endogenous inhibitor
of lysosomal cysteine proteases (cystatin B) in the TgCRND8 APP mouse model lysosomal
pathology is rescued and abnormal autolysosomal accumulation of autophagy substrates
including Aβ is decreased and learning and memory deficits also ameliorate [90]. In addition,
inhibition of mTOR by rapamycin improves cognitive deficits and rescues Aβ pathology and
intraneuronal neurofibrillary tangles by increasing autophagy [192]. In a cell model of HD
treatment with rapamycin reduced cellular toxicity by reducing bolth levels of soluble mutant
huntingtin and the formation of intracellular aggregates [193]. Likewise this was also repli‐
cated in vivo in both Drosophila and mouse models of HD [194]. Furthermore, treatment of
animals with rapamycin ameliorated neuronal toxicity in models of both Frontotemporal
Dementia, spinocerebellar ataxia type 3, and PD [195-199]. However rapamycin shows
autophagy-independent functions, such as regulation of ribosome biogenesis and protein
translation. Taking into account that rapamycin may not be a good choice for the treatment in
humans, other compounds that are independent of mTOR pathway are being studied.
Moreover, long-term massive degradation of intracellular components as a result of the
upregulation of macroautophagy can have possible negative consequences. Current efforts are
now focused on the identification of other methods that can activate macroautophagy.

The mood stabilizer lithium used in bipolar disorder induces autophagy independently of
mTOR through the inhibition of inositol monophosphatase therefore depleting the intracel‐
lular signaling molecule IP3 [200-201]. Lithium enhances clearance of aggregate-prone
proteins, such as mutant forms of huntingtin and alpha-synuclein [202]. Likewise, sodium
valproate and carbamazepine are other mood stabilizing drugs that can also reduce the
accumulation and toxic effects of aggregation-prone mutant proteins in cell models and protect
against neurodegeneration in vivo. Enhanced clearance of mutant alpha-synuclein and
neuroprotective effects through lithium were demonstrated in cell-culture models and mice,
underscoring the potential of lithium and related molecules for further evaluation [203-204].
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intraneuronal neurofibrillary tangles by increasing autophagy [192]. In a cell model of HD
treatment with rapamycin reduced cellular toxicity by reducing bolth levels of soluble mutant
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Dementia, spinocerebellar ataxia type 3, and PD [195-199]. However rapamycin shows
autophagy-independent functions, such as regulation of ribosome biogenesis and protein
translation. Taking into account that rapamycin may not be a good choice for the treatment in
humans, other compounds that are independent of mTOR pathway are being studied.
Moreover, long-term massive degradation of intracellular components as a result of the
upregulation of macroautophagy can have possible negative consequences. Current efforts are
now focused on the identification of other methods that can activate macroautophagy.

The mood stabilizer lithium used in bipolar disorder induces autophagy independently of
mTOR through the inhibition of inositol monophosphatase therefore depleting the intracel‐
lular signaling molecule IP3 [200-201]. Lithium enhances clearance of aggregate-prone
proteins, such as mutant forms of huntingtin and alpha-synuclein [202]. Likewise, sodium
valproate and carbamazepine are other mood stabilizing drugs that can also reduce the
accumulation and toxic effects of aggregation-prone mutant proteins in cell models and protect
against neurodegeneration in vivo. Enhanced clearance of mutant alpha-synuclein and
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An interesting study has shown that lithium (when given in addition to riluzole), significantly
delayed the onset of disability and death in human Amyotrophic lateral sclerosis patients,
compared to those administered riluzole alone [205]. In addition, prolonged lithium treatment
alleviates memory deficits and reduces Aβ production in AD mouse models [206]. On 1-
methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP)-induced Parkinsonism mice valproate
combined with lithium carbonate rescued dopaminergic neurons and ameliorated the loss of
DOPAC, likely via activation of autophagic/lysosomal pathways [207].

The disaccharide trehalose is a stable disaccharide with unique physicochemical properties.
This disaccharide directly acts as a chemical chaperone that can stabilize misfolded proteins
but it also facilitates the clearance of aggregate-prone proteins. Trehalose was shown to
augment autophagy and enhance the clearance of mutant forms of huntingtin and alpha-
synuclein from neuronal cells in culture [208]. In APP(swe) mutant mice co-treatment with
trehalose increases the expression of autophagic markers as well as the expression of chaper‐
ones and reduces the levels of Aβ peptide aggregates, tau plaques and levels of phospho-tau
[209]. Moreover in PC12 cells overexpressing wild-type or A53T mutant alpha-synuclein
trehalose promoted the clearance of A53T alpha-synuclein but not wild-type alpha-synuclein
in PC12 cells, and increased LC3 and Lysotracker RED positive AVs by using lysotracker and
LC3 staining [210].

These findings have opened the possibility of using autophagy modulators as therapeutic
approaches for these types of pathology. Therefore the search for chemical autophagy
modulators more selective and potency is ongoing. Nevertheless, there are certain limitations
in the use of up-regulation of macroautophagy for anti-neurodegenerative purposes. One of
the limitations is that they all act on early steps of macroautophagy enhancing autophagosome
formation, but will not have a beneficial effect in those pathological conditions in which the
autophagic defect is in steps past autophagosome formation. Moreover, it has been reported
that not all protein aggregates are recognized by the macroautophagic machinery. Further
studies are needed to address whether expression of other cellular components or specific post-
translational modifications in the aggregated proteins could enhance their recognition by the
autophagic systems. For example, pharmacological induction or inhibition of macroautophagy
alters the rate of turnover of polyglutamine-expanded proteins, polyalanine-expanded
proteins, as well as, wild-type and mutant forms of alpha-synuclein [193, 211].

A patent by Harvard and Cambridge Universities disclosed novel small molecule enhanc‐
ers of autophagy, named SMERs (small molecule enhancers of rapamycin) [President and
Fellows  of  Harvard  College,  Dana  Farber  Cancer  Institute,  Cambridge  Enterprise  Ltd.
Regulating autophagy. WO2008122038 (2008)]. In mammalian cells, the three most active
compounds: SMER10, SMER18 and SMER28, augmented autophagosome formation in an
mTORC1-independent fashion and without affecting the levels of Beclin-1, Atg5, Atg7 and
Atg12, or enhancing the conjugation of Atg12 to Atg5. Importantly, SMERs enhanced the
clearance  of  aggregation-prone  mutant  forms  of  alpha-synuclein  and  huntingtin  in
mammalian cells  [186].  In addition,  in cell  lines and primary neuronal cultures SMER28
reduced  the  levels  of  Aβ  and  APP  C-terminal  fragments  [188].  In  addition,  drugs  that
involve the serine/threonine-protein kinase mammalian target  of  rapamycin (mTOR) are
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being  currently  examined  for  the  treatment  of  metabolic  disorders,  such  as  diabetes
mellitus. However future investigations are necessary [212]. Drugs that take advantage of
the potential protective effect of autophagy in ER stress, such as glucagon like peptide-1,
will be a promising avenue of investigation [183, 213].

5. Concluding remarks

The progression of research in the field of autophagy has taken the understanding of autoph‐
agy from a means of survival during starvation to a possible means of treating pharmacolog‐
ically diseases where autophagy holds an important role. Progress in understanding
autophagy has emphasized the importance of autophagy in cellular homeostasis and quality
control; prevention of neurodegeneration in several animal models, and the significance of its
deficiency in the development and pathogenesis of several disorders. This may provide further
insights into the role that autophagy has in disease and how it may be possibly use it as a
therapeutic strategy.
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1. Introduction

Since the advent of knockout technologies using mouse embryonic stem cells in the late 1980s,
there has been an explosion of murine models to profile human diseases. The understanding
of the genetic contribution to these diseases has been further enhanced with the incorporation
of tissue-specific gene deletion strategies through the use of the Cre-lox and FLP-FRT site-
specific recombination systems. Autophagy, a crucial regulator of cell energy homeostasis, is
also a companion process to the ubiquitin-proteasome system to assist in the turnover of
proteins. Two distinct types of mouse models have been engineered to characterize autophagy.
The first type is based on the reporter model system to both detect and quantitate the in vivo
levels of autophagy in all tissues and organs. The second type is based on genomic modification
to perform global or tissue-specific gene deletions for generation of pathological disease
conditions. A wide array of human diseases and conditions have been shown to be intimately
linked to alterations in autophagy and include: 1) cancer, 2) heart disease, 3) neurodegenerative
diseases (e.g. Alzheimer’s and Parkinson’s disease), 4) aging, 5) lysosomal storage disorders,
6) infectious disease and immunity (e.g. Crohn’s disease), 7) muscle atrophy, 8) stroke, 9) type
2 diabetes, and 10) reproductive infertility. This article will address the role of autophagy in
human disease progression by reviewing the strengths and weaknesses of current murine
models, as well as discussing their utility as therapeutic models for disease prevention and
amelioration.

2. Transgenic models for autophagy detection

GFP-LC3. The best characterized and most widely used detection model is the GFP-LC3
transgenic mouse generated by Mizushima and colleagues [1]. This robustly expressing
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transgenic mouse, in which LC3 is driven by a constitutive CAG promoter, displays punctate
GFP fluorescence that corresponds to autophagosomes. With this transgenic model, quanti‐
tation of autophagosomes is feasible using a high resolution fluorescence microscopy. This
reporter has been crossed into many of the knockout and floxed autophagy models generated
in the field. For example, Atg5 -/- mice are autophagy deficient and Atg5 -/-; GFP-LC3 mice do
not exhibit the punctate fluorescence indicative of autophagosomes. Protocols for use are
widely available and published references are helpful, for detailed information see [2]. This
model is limited in that only autophagosome numbers, not autophagic flux, can be evaluated.
In basal conditions, lysosomal degradation clears the autophagosome and contents from the
cell, thus maintaining a “balance” of autophagosome formation and degradation. An accu‐
mulation of autophagosomes could either represent an increase in formation or a decrease in
fusion events. Ferreting out these differences is relevant for proper data interpretation
especially when using chemical autophagy inhibitors and inducers. Measuring autophagic
flux in vivo has been problematic to date and the field is in need of an appropriate reporter
model; currently, tandem fluorescent-tagged autophagy proteins are a valuable in vitro tool.
An increase in GFP puncta (denoting labeled autophagosomes) could indicate an increase in
autophagosome formation or a decrease in vesicular fusion with the lysosome. Due to its
chemical nature, GFP is quenched by the low pH of the autolysosome. Since red fluorescent
proteins are more pH stable, they have been utilized in assays designed to monitor autophagic
flux. The need for better detection mechanisms with regard to cardiac autophagy has led to
the generation of a double transgenic reporter. A cardiac muscle specific alpha myosin heavy
chain (αMyHC) promoter was used to drive expression of a mCherry-LC3 construct. These
mice were crossed with the GFP-LC3 model previously described to produce a double reporter
which allowed for the monitoring of autophagic flux; autophagosomes were identified by GFP
and mCherry co-localized puncta, while autolysosomes were tracked by mCherry-only puncta
[3]. Although this model is cardiac-specific, a similar strategy could be used to target other
tissues. Additionally, a dual labeled RFP-GFP-LC3 construct could be used to generate a
ubiquitous transgenic model to quantitate autophagic flux.

GFP-GABARAP. GFP-GABARAP transgenic mice were originally generated to address the
question of the role of GABARAP in podocytes. Since GABARAP was reported to be highly
expressed in podocytes, a pCAG-GFP-GABARAP transgenic mouse was produced in order to
examine subcellular localization in this specialized cell type. The expression level of GFP-
GABARAP is low, yet visible, ameliorating many of the potential effects of highly expressing
fluorescent proteins. In podocytes, GFP-GABARAP co-localized with p62 aggregates but not
LC3II. Although it was shown that GABARAP was not the preferred Atg8 ortholog for
conjugation in podocytes, this may prove to be a valuable reporter model in other tissues [4].

2.1. Cancer

As we will see as a common thread in many of the disease models featured in this chapter,
there is no consensus in the literature as to whether autophagy is protective or maladaptive.
The contribution of autophagy to cancer development is the most demonstrable example of
the Janus-like role of autophagy in disease pathogenesis, and perhaps the most thoroughly
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investigated. Autophagy is hypothecated to contribute to tumor progression through two
distinct mechanisms. Tumor growth is initially restricted when the centrally-located cells
undergo nutrient deprivation, hypoxia, and if prolonged, subsequently undergo necrosis. This
metabolic stress induces autophagy to maintain energy homeostasis and prevent necrosis until
neo-vascularization occurs. Angiogenesis is potentially able to restore a nutrient supply
throughout the tumor, promoting tumor survival and facilitating growth and metastasis.
Additionally, transformed cells that harbor defects in apoptosis and autophagy pathways
tumor cells undergo chronic necrosis, which foments vascularization of the necrotic area, thus
promoting tumorigenesis. Conversely, intact autophagy can be cytoprotective by eliminating
damaged or aged organelles and degrading aggregated or misfolded proteins, thus preventing
accumulation of tumorigenic and/or cytotoxic cellular inclusions.

These two scenarios are manifested in mouse models of autophagy disruption. When Beclin1
(Becn1) was heterozygously disrupted (Becn1+/-), these mice exhibited an increase in tumor
formation when compared to control littermates [5]. Disruptions in pro-autophagy genes Becn1
[6], UVRAG [7], and Bif-1[8] resulted in increased frequencies of lymphomas and mammary
neoplasias through an increase in genetic instability. TSC1/TSC2-deficient mice, which were
unable to effectively suppress mTOR, had reduced autophagy and a subsequent increase in
tumor occurrence [9, 10]. These models all bolster the stance that autophagy is tumor sup‐
pressive. The embryonic or neonatal lethality of many autophagy knockout models is prohib‐
itive for studying diseases, such as cancer, that are associated with age. Tissue-specific
knockout studies will provide more insights in elucidating gene-specific mechanisms for
tumor suppression. Evidence is forthcoming from cancer cell lines and primary tumor
profiling that autophagy is permissive for tumor growth and enhanced in primary tumors. In
a pancreatic cancer cell line (8988T cells), inhibition of autophagy by Atg5 siRNA resulted in
an inhibition of soft agar growth, a measure of tumorigenic potential [11]. In cell lines with
activated ras, a strong oncogene, autophagy was necessary for the quick growth and high
metabolic needs of tumor cells. These cancer cells were described as “addicted to autophagy,”
and the phenomenon was consistent amongst several Ras-activated cell lines (e.g. T14, H1299,
and CHT116). These data suggest that in quickly growing tumors, autophagy inhibition may
sensitize the cells to death thus enhancing available treatment options [12]. This study provides
primarily in vitro evidence of a role for autophagy induction in supporting tumor growth.

2.2. Heart disease

Coronary heart disease (CHD) is the leading cause of death of men and women in the United
States. CHD is caused by narrowing of the arteries that supply the heart. In mouse models a
standard treatment is to induce an ischemic event by surgically occluding one or more coronary
artery. This occlusion may be relieved at a later time (ischemia/reperfusion) or remain
(permanent occlusion). Interestingly, autophagy is induced in both ischemia/reperfusion (I/R)
events and permanent occlusion events but the outcomes are differential. During I/R events
autophagy is activated, however in Becn1+/- mice damage was reduced indicating that induc‐
tion of autophagy was maladaptive during reperfusion [13]. Conversely, autophagy appears
to be protective during permanent occlusion events. Long term ischemia causes relief of
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mice were crossed with the GFP-LC3 model previously described to produce a double reporter
which allowed for the monitoring of autophagic flux; autophagosomes were identified by GFP
and mCherry co-localized puncta, while autolysosomes were tracked by mCherry-only puncta
[3]. Although this model is cardiac-specific, a similar strategy could be used to target other
tissues. Additionally, a dual labeled RFP-GFP-LC3 construct could be used to generate a
ubiquitous transgenic model to quantitate autophagic flux.

GFP-GABARAP. GFP-GABARAP transgenic mice were originally generated to address the
question of the role of GABARAP in podocytes. Since GABARAP was reported to be highly
expressed in podocytes, a pCAG-GFP-GABARAP transgenic mouse was produced in order to
examine subcellular localization in this specialized cell type. The expression level of GFP-
GABARAP is low, yet visible, ameliorating many of the potential effects of highly expressing
fluorescent proteins. In podocytes, GFP-GABARAP co-localized with p62 aggregates but not
LC3II. Although it was shown that GABARAP was not the preferred Atg8 ortholog for
conjugation in podocytes, this may prove to be a valuable reporter model in other tissues [4].

2.1. Cancer

As we will see as a common thread in many of the disease models featured in this chapter,
there is no consensus in the literature as to whether autophagy is protective or maladaptive.
The contribution of autophagy to cancer development is the most demonstrable example of
the Janus-like role of autophagy in disease pathogenesis, and perhaps the most thoroughly
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investigated. Autophagy is hypothecated to contribute to tumor progression through two
distinct mechanisms. Tumor growth is initially restricted when the centrally-located cells
undergo nutrient deprivation, hypoxia, and if prolonged, subsequently undergo necrosis. This
metabolic stress induces autophagy to maintain energy homeostasis and prevent necrosis until
neo-vascularization occurs. Angiogenesis is potentially able to restore a nutrient supply
throughout the tumor, promoting tumor survival and facilitating growth and metastasis.
Additionally, transformed cells that harbor defects in apoptosis and autophagy pathways
tumor cells undergo chronic necrosis, which foments vascularization of the necrotic area, thus
promoting tumorigenesis. Conversely, intact autophagy can be cytoprotective by eliminating
damaged or aged organelles and degrading aggregated or misfolded proteins, thus preventing
accumulation of tumorigenic and/or cytotoxic cellular inclusions.

These two scenarios are manifested in mouse models of autophagy disruption. When Beclin1
(Becn1) was heterozygously disrupted (Becn1+/-), these mice exhibited an increase in tumor
formation when compared to control littermates [5]. Disruptions in pro-autophagy genes Becn1
[6], UVRAG [7], and Bif-1[8] resulted in increased frequencies of lymphomas and mammary
neoplasias through an increase in genetic instability. TSC1/TSC2-deficient mice, which were
unable to effectively suppress mTOR, had reduced autophagy and a subsequent increase in
tumor occurrence [9, 10]. These models all bolster the stance that autophagy is tumor sup‐
pressive. The embryonic or neonatal lethality of many autophagy knockout models is prohib‐
itive for studying diseases, such as cancer, that are associated with age. Tissue-specific
knockout studies will provide more insights in elucidating gene-specific mechanisms for
tumor suppression. Evidence is forthcoming from cancer cell lines and primary tumor
profiling that autophagy is permissive for tumor growth and enhanced in primary tumors. In
a pancreatic cancer cell line (8988T cells), inhibition of autophagy by Atg5 siRNA resulted in
an inhibition of soft agar growth, a measure of tumorigenic potential [11]. In cell lines with
activated ras, a strong oncogene, autophagy was necessary for the quick growth and high
metabolic needs of tumor cells. These cancer cells were described as “addicted to autophagy,”
and the phenomenon was consistent amongst several Ras-activated cell lines (e.g. T14, H1299,
and CHT116). These data suggest that in quickly growing tumors, autophagy inhibition may
sensitize the cells to death thus enhancing available treatment options [12]. This study provides
primarily in vitro evidence of a role for autophagy induction in supporting tumor growth.

2.2. Heart disease

Coronary heart disease (CHD) is the leading cause of death of men and women in the United
States. CHD is caused by narrowing of the arteries that supply the heart. In mouse models a
standard treatment is to induce an ischemic event by surgically occluding one or more coronary
artery. This occlusion may be relieved at a later time (ischemia/reperfusion) or remain
(permanent occlusion). Interestingly, autophagy is induced in both ischemia/reperfusion (I/R)
events and permanent occlusion events but the outcomes are differential. During I/R events
autophagy is activated, however in Becn1+/- mice damage was reduced indicating that induc‐
tion of autophagy was maladaptive during reperfusion [13]. Conversely, autophagy appears
to be protective during permanent occlusion events. Long term ischemia causes relief of
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mammalian target of rapamycin (mTOR) inhibition of autophagy, thus leading to autophagy
induction. In concordance with this, expression of a dominant negative mTOR regulator
resulted in a reduction of autophagy and subsequent increase in cardiac damage [14]. Two
recent mouse models of heart disease provide evidence supporting a protective role of
autophagy for the prevention of CHD [15]. Razani et al provided evidence that autophagy
prevented cholesterol crystal-induced inflammation that normally can lead to atherosclerosis.
Since high fat diets have been shown to inhibit autophagic flux, competent autophagic flux
may be necessary for the prevention of CHD [16].

In addition to CAD, congenital mutations and other pathological conditions (e.g. type 2
diabetes) my result in cardiomyopathies. In a recent study, Choi et al showed that in a
cardiomyopathy model resulting from a mutation in A-type lamins (A/C) resulted in active
mTOR in cardiomyocytes, which inhibited autophagy activation [17]. This lack of autophagy
activation was proposed to lead to an energy deficit and was detrimental to the survival of the
cardiomyocytes and resulted in disease progression. Further evidence of the protective role of
autophagy was obtained when autophagy was reactivated by the mTOR-inhibiting drug
rapamycin. In mice mutant for A-type lamins, rapamycin treatment attenuated the cardiomy‐
opathy phenotype. In another approach, a mouse model of diabetic cardiomyopathy, gener‐
ated by diet alteration to include a surplus of saturated fatty acids, has revealed that autophagy
was activated in response to pressure increase resultant from cardiac hypertrophy. Autophagy
induction was measured by increased Becn1 and LC3B mRNA, as well as increased GFP-LC3
puncta in the diabetic hypertrophy model. In this system, isolated cardiomyocytes that were
autophagy impaired did not develop hypertrophy, indicating that increased autophagy was
required for hypertrophy. Furthermore, isolated cardiomyocytes treated with myristate led to
an increase in Becn1 and Atg7 expression through a ceramide-dependent mechanism [18]. The
role of autophagy is complex and seems to be highly context specific with regard to heart
disease. It is apparent that the method by which autophagy is inhibited or induced and in
which type of model differentially dictates whether autophagy will result in a positive or
negative outcome.

2.3. Neurodegenerative diseases (e.g. Alzheimer’s and Parkinson’s disease)

Post-mitotic neurons rely heavily on basal autophagy to clear old, damaged organelles and
potentially harmful protein aggregates. Several neurodegenerative disorders result from
expansions of poly-glutamine or poly-alanine stretches, including Huntington’s disease,
Parkinson’s disease, spinocerebral ataxias, and fronto-temporal dementia. Mutant proteins
involved in these diseases have an increased propensity to aggregate and poison the cell;
accordingly, the disease progression is directly related to the amount of protein aggregates
formed in these patients. In normal physiology, neurons rely on both the proteasomal
degradation system and autophagy to maintain protein and energy homeostasis. It has been
shown that autophagy is used preferentially to remove large aggregated proteins or multi-
protein plaques. In a rat model of Machado-Joseph disease (spinocerebral ataxia type 3)
overexpression of Becn1 reduced both mutant ataxin-3 accumulation and ubiquitin-positive
inclusions [19]. It seems that autophagy is used as a compensatory mechanism to relieve the
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toxic effects of these mutant protein aggregates in the cell, serving a protective role. Neuronal-
specific conditional deletion of FIP200 (FIP200fl/fl; nestin-Cre) resulted in dystrophy (axonal
swelling), neurodegeneration, accumulation of polyubiquitinated proteins, damaged mito‐
chondria, and neuronal death. When compared to Atg5/Atg7 neuronal conditional deletion
models, the FIP200-/- phenotypes were more severe, present at an earlier age, and resulted in
premature death. Unique to the FIP200-/- conditional knockout mice is the development of
diffuse brain spongiosis, observed as early as 2 weeks of age, and associated with ubiquitin
positive inclusions, indicative of impaired clearance of cytotoxic proteins by autophagy [20].
Targeted deletions of either Atg5 or Atg7 resulted in the accumulation of polyubiquitinated
proteins and sensitized neurons to degeneration; supporting the hypothesis that autophagy is
neuroprotective [21, 22]. Purkinje cells (PC) reside within the gray matter at the interface
between the molecular and the granular layers of the cerebellar cortex and are important for
signal integration, balance, and motor coordination. PC-specific conditional deletion models
of Atg7 (Atg7fl/fl; pcp2-Cre) resulted in PC dystrophy and subsequent axon terminal degener‐
ation. PC degeneration was followed by PC death and behavioral changes in the mutant mice
[23]. In a similar experiment, deletion of Atg5 in PCs (Atg5 fl/fl; pcp2-Cre) also resulted in axonal
swelling and neurodegeneration [24]. Although both the nestin-Cre and pcp2-Cre have been
employed as useful tools to investigate the result of tissue-specific autophagy loss, one
important difference is that nestin-Cre is also expressed in some astrocyte populations as well
as other CNS structures, while pcp2-Cre is restricted to PCs. This difference may alter the
experimental designs, as nestin-Cre is more appropriate for diffuse CNS ablation studies and
pcp2-Cre is more Purkinje cell-specific.

2.4. Aging

Autophagy and its association with aging have been explored in two distinct contexts: 1) the
impact of autophagy on increasing lifespan or longevity, and 2) the role of autophagy in age-
related disease states. Longevity‑promoting regimens, including caloric restriction (CR) and
inhibition of TOR with rapamycin, resveratrol or the natural polyamine spermidine, have been
associated with autophagy induction [25]. CR can improve heart function through autophagy,
as long-term CR preserved cardiac contractile function with improved cardiomyocyte function
and lessened cardiac remodeling [26]. Rapamycin prolonged median and maximal lifespan of
both male and female mice when fed beginning at 600 days of age; this supplementation led
to a life span increase of 14% for females and 9% for males. In addition, rapamycin-treated
mice beginning at 270 days of age also increased survival in both males and females [27].
Lifelong administration of rapamycin extended the lifespan of female 129/Sv mice, as 22.9%
of rapamycin-treated mice survived the age of death of the last control mouse. Rapamycin also
inhibited age-related weight gain, decreased aging rate, and delayed spontaneous cancer
formation [28]. Although rapamycin and caloric restriction both increase the life span of mice,
they probably do not occur through similar mechanisms. Dietary restricted mice (40% food
restriction) and rapamycin-treated mice both exhibited increased levels of autophagy [29]. The
fat mass was similar between control and rapamycin-treated mice, but lower for the caloric
restricted mice. There were also striking differences in insulin sensitivity and expression of
cell cycle and sirtuin genes in mice fed rapamycin compared with dietary restriction. Spermi‐
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mammalian target of rapamycin (mTOR) inhibition of autophagy, thus leading to autophagy
induction. In concordance with this, expression of a dominant negative mTOR regulator
resulted in a reduction of autophagy and subsequent increase in cardiac damage [14]. Two
recent mouse models of heart disease provide evidence supporting a protective role of
autophagy for the prevention of CHD [15]. Razani et al provided evidence that autophagy
prevented cholesterol crystal-induced inflammation that normally can lead to atherosclerosis.
Since high fat diets have been shown to inhibit autophagic flux, competent autophagic flux
may be necessary for the prevention of CHD [16].

In addition to CAD, congenital mutations and other pathological conditions (e.g. type 2
diabetes) my result in cardiomyopathies. In a recent study, Choi et al showed that in a
cardiomyopathy model resulting from a mutation in A-type lamins (A/C) resulted in active
mTOR in cardiomyocytes, which inhibited autophagy activation [17]. This lack of autophagy
activation was proposed to lead to an energy deficit and was detrimental to the survival of the
cardiomyocytes and resulted in disease progression. Further evidence of the protective role of
autophagy was obtained when autophagy was reactivated by the mTOR-inhibiting drug
rapamycin. In mice mutant for A-type lamins, rapamycin treatment attenuated the cardiomy‐
opathy phenotype. In another approach, a mouse model of diabetic cardiomyopathy, gener‐
ated by diet alteration to include a surplus of saturated fatty acids, has revealed that autophagy
was activated in response to pressure increase resultant from cardiac hypertrophy. Autophagy
induction was measured by increased Becn1 and LC3B mRNA, as well as increased GFP-LC3
puncta in the diabetic hypertrophy model. In this system, isolated cardiomyocytes that were
autophagy impaired did not develop hypertrophy, indicating that increased autophagy was
required for hypertrophy. Furthermore, isolated cardiomyocytes treated with myristate led to
an increase in Becn1 and Atg7 expression through a ceramide-dependent mechanism [18]. The
role of autophagy is complex and seems to be highly context specific with regard to heart
disease. It is apparent that the method by which autophagy is inhibited or induced and in
which type of model differentially dictates whether autophagy will result in a positive or
negative outcome.

2.3. Neurodegenerative diseases (e.g. Alzheimer’s and Parkinson’s disease)

Post-mitotic neurons rely heavily on basal autophagy to clear old, damaged organelles and
potentially harmful protein aggregates. Several neurodegenerative disorders result from
expansions of poly-glutamine or poly-alanine stretches, including Huntington’s disease,
Parkinson’s disease, spinocerebral ataxias, and fronto-temporal dementia. Mutant proteins
involved in these diseases have an increased propensity to aggregate and poison the cell;
accordingly, the disease progression is directly related to the amount of protein aggregates
formed in these patients. In normal physiology, neurons rely on both the proteasomal
degradation system and autophagy to maintain protein and energy homeostasis. It has been
shown that autophagy is used preferentially to remove large aggregated proteins or multi-
protein plaques. In a rat model of Machado-Joseph disease (spinocerebral ataxia type 3)
overexpression of Becn1 reduced both mutant ataxin-3 accumulation and ubiquitin-positive
inclusions [19]. It seems that autophagy is used as a compensatory mechanism to relieve the
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toxic effects of these mutant protein aggregates in the cell, serving a protective role. Neuronal-
specific conditional deletion of FIP200 (FIP200fl/fl; nestin-Cre) resulted in dystrophy (axonal
swelling), neurodegeneration, accumulation of polyubiquitinated proteins, damaged mito‐
chondria, and neuronal death. When compared to Atg5/Atg7 neuronal conditional deletion
models, the FIP200-/- phenotypes were more severe, present at an earlier age, and resulted in
premature death. Unique to the FIP200-/- conditional knockout mice is the development of
diffuse brain spongiosis, observed as early as 2 weeks of age, and associated with ubiquitin
positive inclusions, indicative of impaired clearance of cytotoxic proteins by autophagy [20].
Targeted deletions of either Atg5 or Atg7 resulted in the accumulation of polyubiquitinated
proteins and sensitized neurons to degeneration; supporting the hypothesis that autophagy is
neuroprotective [21, 22]. Purkinje cells (PC) reside within the gray matter at the interface
between the molecular and the granular layers of the cerebellar cortex and are important for
signal integration, balance, and motor coordination. PC-specific conditional deletion models
of Atg7 (Atg7fl/fl; pcp2-Cre) resulted in PC dystrophy and subsequent axon terminal degener‐
ation. PC degeneration was followed by PC death and behavioral changes in the mutant mice
[23]. In a similar experiment, deletion of Atg5 in PCs (Atg5 fl/fl; pcp2-Cre) also resulted in axonal
swelling and neurodegeneration [24]. Although both the nestin-Cre and pcp2-Cre have been
employed as useful tools to investigate the result of tissue-specific autophagy loss, one
important difference is that nestin-Cre is also expressed in some astrocyte populations as well
as other CNS structures, while pcp2-Cre is restricted to PCs. This difference may alter the
experimental designs, as nestin-Cre is more appropriate for diffuse CNS ablation studies and
pcp2-Cre is more Purkinje cell-specific.

2.4. Aging

Autophagy and its association with aging have been explored in two distinct contexts: 1) the
impact of autophagy on increasing lifespan or longevity, and 2) the role of autophagy in age-
related disease states. Longevity‑promoting regimens, including caloric restriction (CR) and
inhibition of TOR with rapamycin, resveratrol or the natural polyamine spermidine, have been
associated with autophagy induction [25]. CR can improve heart function through autophagy,
as long-term CR preserved cardiac contractile function with improved cardiomyocyte function
and lessened cardiac remodeling [26]. Rapamycin prolonged median and maximal lifespan of
both male and female mice when fed beginning at 600 days of age; this supplementation led
to a life span increase of 14% for females and 9% for males. In addition, rapamycin-treated
mice beginning at 270 days of age also increased survival in both males and females [27].
Lifelong administration of rapamycin extended the lifespan of female 129/Sv mice, as 22.9%
of rapamycin-treated mice survived the age of death of the last control mouse. Rapamycin also
inhibited age-related weight gain, decreased aging rate, and delayed spontaneous cancer
formation [28]. Although rapamycin and caloric restriction both increase the life span of mice,
they probably do not occur through similar mechanisms. Dietary restricted mice (40% food
restriction) and rapamycin-treated mice both exhibited increased levels of autophagy [29]. The
fat mass was similar between control and rapamycin-treated mice, but lower for the caloric
restricted mice. There were also striking differences in insulin sensitivity and expression of
cell cycle and sirtuin genes in mice fed rapamycin compared with dietary restriction. Spermi‐
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dine, a natural polyamine whose intracellular concentration declines during human aging,
extended the lifespan of yeast, flies and worms, and human immune cells. In addition,
spermidine administration potently inhibited oxidative stress in aging mice [30].

Basal autophagy helps to reduce the deleterious effects from oxidative stress, heat stress and
cytoplasmic protein aggregates. During the aging process, basal autophagy levels gradually
decline so that the cell is not equipped to deal with these stressors. Since many age-related
diseases correlate with a decline in basal autophagy, a targeted therapeutic strategy would be
to increase the levels of productive autophagy to reduce the severity of the disease. However,
it is important to keep in mind that a tight regulation of basal autophagy levels is important,
as too much autophagy could have a negative outcome. For example, in the Zmpste24-null
progeroid mice, which model the human laminopathy Hutchinson-Gilford Progeria Syn‐
drome (HPGS), there was an increase in autophagy instead of the anticipated reduction that
occurs during normal aging. Although autophagy levels were similar to those found associated
with caloric restriction and prolonged lifespan, in this instance autophagy was linked to having
a potential role in the premature aging phenotype. However, these mice also have several
metabolic alterations including changes in circulating hormones (e.g. leptin, insulin, adipo‐
nectin) and glucose levels that probably impact additional contributing cellular processes [31].
Progerin, the truncated form of lamin A protein, was found to co-localize with the autophagic
adapter protein p62 and the autophagy linked FYVE protein, ALFY [32]. Moreover, rapamycin
decreased progerin protein levels through autophagy induction, which rescued the progeria
phenotype in HGPS fibroblasts [33]. Rapamycin-induced autophagy has therapeutic implica‐
tions for other types of laminopathies as well. For example, Lmna-null (lamin A-deficient) mice
exhibited skeletal muscle dystrophy and cardiac hypertrophy; these pathologies were
improved through rapamycin administration [34]. An oxidative environment potentially plays
a crucial role in the aging process, as p62-/- mice exhibited accelerated aging phenotypes and
tissues displayed elevated oxidative stress due to defective mitochondrial electron transport
[35]. Likewise, Cisd2-null mice exhibited nerve and muscle degeneration and a premature
aging phenotype [36]. CISD2, the gene responsible for Wolfram syndrome 2 (WFS2), encodes
for a mitochondrial protein involved in mammalian life-span control. Although mitochondrial
degeneration was exacerbated with age with a concomitant elevation of autophagy, this
elevation was most likely due to a cellular response of mitophagy to clear damaged mito‐
chondria. In addition to induced-mutation mouse models, there have been several different
naturally occurring strains of senescence-prone (9 lines) and senescence-resistant (3 lines) mice
that have been developed since the 1970s at Kyoto University in Japan [37]. These mice have
been important to model aging, senile dementia, and Alzheimer’s disease. By 12 months of
age, the senescence accelerated mouse prone 8 (SAMP8) mice demonstrated a decline in
cognitive ability that corresponded to increased levels of ubiquitinated proteins and autopha‐
gic vacuoles (AV) in hippocampal neurons, and decreased expression levels of Becn1 [38]. In
contract, the senescence-resistant strain did not show an accumulation of these autophagic
vacuoles. In the future, it would be interesting to examine whether calorie restriction or
rapamycin administration could reduce the accumulation of ubiquitinated proteins and
improve learning and memory in the senescence-prone model.
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2.5. Lysosomal storage disorders

The group of degenerative disorders included in umbrella term lysosomal storage disorders
(LSDs) is a heterogeneous and emerging list of diseases that commonly present with an
inability to metabolize a normal cellular substrate. The metabolic defect may reside with the
ability of the lysosome to degrade the substrate, or a blockade of autophagic flux, most often
inhibiting fusion of the autophagosome and lysosome. A reduction in autophagic flux may
result in an increase in autophagosome like structures in the cytoplasm as well as uncharac‐
teristically large autophagosome like structures being formed. Consequently, failure to
eliminate/recycle the autophagosomal contents induces cellular stress and may result in death.

Pompe disease, the first LSD to be characterized, is caused by an inability to synthesize acid
α-glucosidase (GAA), a lysosomal enzyme needed to breakdown glycogen. Pompe mice (GAA
KO) phenocopied the human condition, and abnormal autophagosomal and autolysosomal
structures were seen intracellularly. When Pompe mice were crossed with Atg5/7 muscle-
specific conditional knockouts to inhibit autophagy, mice metabolized glycogen more
efficiently than the Pompe mice and had a more positive prognosis. In this model system,
autophagy was contributing to the pathology of the disease and inhibition of autophagy was
been shown to be a useful therapeutic intervention. A side effect of muscle-specific autophagy
inhibition, i.e. muscular atrophy, will be discussed in a later section.

Multiple sulfatase deficiency (MSD) is a disease where affected individuals have a reduction
in the activity of all sulfatases due to mutations in Sulfatase Modifying Factor 1 (SUMF1), an
enzyme responsible for post-translational modification of all sulfatases. A sumf1 knockout
mouse model shared characteristic manifestations of MSD including: skeletal abnormalities,
kyphosis, and growth retardation. Impaired autophagosome-lysosome fusion was implicated,
as a build-up of undigested material was detrimental to cellular homeostasis and led to death.
Though models have exhibited that MSD is accompanied by defective autophagic flux,
whether autophagy is protective or detrimental to the pathogenesis of the disease is unclear.

Mucopolysaccharidosis type VI (MPS VI) is caused by a specific sulfatase deficiency (N-acetylga‐
lactosamine-4-sulfate) and patients may be short in stature and suffer from joint stiffness and
destruction, cardiac valve abnormalities and corneal clouding. In a rat model of MPS VI, an
increased number of autophagic structures were identified by electron microscopy [39].

Niemann Pick type C disease is a metabolic disorder characterized by the accumulation of
lipids in late endosomes/lysosomes. The vast majority of cases are due to mutations in the
NPC1 gene. Npc1-/- mice had higher levels of autophagy proteins (LC3II) than controls, and
PCs were preferentially affected exhibiting an increase in autophagic vesicles by electron
microscopy. Npc-/- mice had the ability to form autophagosomes but were defective in auto‐
phagosome-lysosome fusion, which resulted in a functional autophagic block and inability to
metabolize cargo [40].

Mucolipidosis type IV disease (MLIV) is caused by mutations in the MCOLN1 gene which
encodes a lysosomal cation channel. Affected patients suffer from psychomotor delays and
multiple ophthalmic pathologies. The mcoln1-/- mouse model recapitulated most of the
symptoms observed in patients with the exception of corneal clouding. In mcoln1-/- brains,
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dine, a natural polyamine whose intracellular concentration declines during human aging,
extended the lifespan of yeast, flies and worms, and human immune cells. In addition,
spermidine administration potently inhibited oxidative stress in aging mice [30].

Basal autophagy helps to reduce the deleterious effects from oxidative stress, heat stress and
cytoplasmic protein aggregates. During the aging process, basal autophagy levels gradually
decline so that the cell is not equipped to deal with these stressors. Since many age-related
diseases correlate with a decline in basal autophagy, a targeted therapeutic strategy would be
to increase the levels of productive autophagy to reduce the severity of the disease. However,
it is important to keep in mind that a tight regulation of basal autophagy levels is important,
as too much autophagy could have a negative outcome. For example, in the Zmpste24-null
progeroid mice, which model the human laminopathy Hutchinson-Gilford Progeria Syn‐
drome (HPGS), there was an increase in autophagy instead of the anticipated reduction that
occurs during normal aging. Although autophagy levels were similar to those found associated
with caloric restriction and prolonged lifespan, in this instance autophagy was linked to having
a potential role in the premature aging phenotype. However, these mice also have several
metabolic alterations including changes in circulating hormones (e.g. leptin, insulin, adipo‐
nectin) and glucose levels that probably impact additional contributing cellular processes [31].
Progerin, the truncated form of lamin A protein, was found to co-localize with the autophagic
adapter protein p62 and the autophagy linked FYVE protein, ALFY [32]. Moreover, rapamycin
decreased progerin protein levels through autophagy induction, which rescued the progeria
phenotype in HGPS fibroblasts [33]. Rapamycin-induced autophagy has therapeutic implica‐
tions for other types of laminopathies as well. For example, Lmna-null (lamin A-deficient) mice
exhibited skeletal muscle dystrophy and cardiac hypertrophy; these pathologies were
improved through rapamycin administration [34]. An oxidative environment potentially plays
a crucial role in the aging process, as p62-/- mice exhibited accelerated aging phenotypes and
tissues displayed elevated oxidative stress due to defective mitochondrial electron transport
[35]. Likewise, Cisd2-null mice exhibited nerve and muscle degeneration and a premature
aging phenotype [36]. CISD2, the gene responsible for Wolfram syndrome 2 (WFS2), encodes
for a mitochondrial protein involved in mammalian life-span control. Although mitochondrial
degeneration was exacerbated with age with a concomitant elevation of autophagy, this
elevation was most likely due to a cellular response of mitophagy to clear damaged mito‐
chondria. In addition to induced-mutation mouse models, there have been several different
naturally occurring strains of senescence-prone (9 lines) and senescence-resistant (3 lines) mice
that have been developed since the 1970s at Kyoto University in Japan [37]. These mice have
been important to model aging, senile dementia, and Alzheimer’s disease. By 12 months of
age, the senescence accelerated mouse prone 8 (SAMP8) mice demonstrated a decline in
cognitive ability that corresponded to increased levels of ubiquitinated proteins and autopha‐
gic vacuoles (AV) in hippocampal neurons, and decreased expression levels of Becn1 [38]. In
contract, the senescence-resistant strain did not show an accumulation of these autophagic
vacuoles. In the future, it would be interesting to examine whether calorie restriction or
rapamycin administration could reduce the accumulation of ubiquitinated proteins and
improve learning and memory in the senescence-prone model.
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ability of the lysosome to degrade the substrate, or a blockade of autophagic flux, most often
inhibiting fusion of the autophagosome and lysosome. A reduction in autophagic flux may
result in an increase in autophagosome like structures in the cytoplasm as well as uncharac‐
teristically large autophagosome like structures being formed. Consequently, failure to
eliminate/recycle the autophagosomal contents induces cellular stress and may result in death.

Pompe disease, the first LSD to be characterized, is caused by an inability to synthesize acid
α-glucosidase (GAA), a lysosomal enzyme needed to breakdown glycogen. Pompe mice (GAA
KO) phenocopied the human condition, and abnormal autophagosomal and autolysosomal
structures were seen intracellularly. When Pompe mice were crossed with Atg5/7 muscle-
specific conditional knockouts to inhibit autophagy, mice metabolized glycogen more
efficiently than the Pompe mice and had a more positive prognosis. In this model system,
autophagy was contributing to the pathology of the disease and inhibition of autophagy was
been shown to be a useful therapeutic intervention. A side effect of muscle-specific autophagy
inhibition, i.e. muscular atrophy, will be discussed in a later section.

Multiple sulfatase deficiency (MSD) is a disease where affected individuals have a reduction
in the activity of all sulfatases due to mutations in Sulfatase Modifying Factor 1 (SUMF1), an
enzyme responsible for post-translational modification of all sulfatases. A sumf1 knockout
mouse model shared characteristic manifestations of MSD including: skeletal abnormalities,
kyphosis, and growth retardation. Impaired autophagosome-lysosome fusion was implicated,
as a build-up of undigested material was detrimental to cellular homeostasis and led to death.
Though models have exhibited that MSD is accompanied by defective autophagic flux,
whether autophagy is protective or detrimental to the pathogenesis of the disease is unclear.

Mucopolysaccharidosis type VI (MPS VI) is caused by a specific sulfatase deficiency (N-acetylga‐
lactosamine-4-sulfate) and patients may be short in stature and suffer from joint stiffness and
destruction, cardiac valve abnormalities and corneal clouding. In a rat model of MPS VI, an
increased number of autophagic structures were identified by electron microscopy [39].

Niemann Pick type C disease is a metabolic disorder characterized by the accumulation of
lipids in late endosomes/lysosomes. The vast majority of cases are due to mutations in the
NPC1 gene. Npc1-/- mice had higher levels of autophagy proteins (LC3II) than controls, and
PCs were preferentially affected exhibiting an increase in autophagic vesicles by electron
microscopy. Npc-/- mice had the ability to form autophagosomes but were defective in auto‐
phagosome-lysosome fusion, which resulted in a functional autophagic block and inability to
metabolize cargo [40].

Mucolipidosis type IV disease (MLIV) is caused by mutations in the MCOLN1 gene which
encodes a lysosomal cation channel. Affected patients suffer from psychomotor delays and
multiple ophthalmic pathologies. The mcoln1-/- mouse model recapitulated most of the
symptoms observed in patients with the exception of corneal clouding. In mcoln1-/- brains,
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lysosomal inclusions were observed in several anatomical areas and cell types [41]. Neurons
had increased LC3-II expression and failed to clear LC3-II, once again indicating a functional
autophagic block that led to the pathogenesis [42].

2.6. Infectious disease and immunity (e.g. Crohn’s disease)

The innate immune system is the first line of defense against pathogens; it is evolutionarily
more ancient than the adaptive immune system and is deployed quickly and effectively despite
its lack of pathogen specificity or memory. Viruses, bacteria, and parasites can be eliminated
in an autophagic process involved in innate immunity defense termed ‘xenophagy.’ Invading
bacteria can generally be classified as vacuolar (e.g. Salmonella) or cytosolic (e.g. Listeria,
Shigella). Cytosolic bacteria can undergo ubiquitin-dependent and ubiquitin-independent
mechanisms for autophagosomal envelopment followed by translocation to lysosomes.
Vacuolar bacteria can be routed into autophagosomes, or in the instance of Mycobacteria,
autophagy proteins can resume the maturation of the vacuole and promoter fusion with the
lysosome. The main recognition receptors that link detection and autophagy induction include
the membrane TLRs (Toll-like receptors) and the cytoplasmic nucleotide-binding oligomeri‐
zation domains (NOD)-like receptors (NLRs). The receptors can recognize the lipopolysac‐
charides (LPS) and peptidylglycans of Gram-negative bacteria. Microbial interference with
autophagy can occur due to the adaptive nature of bacteria. For example, Shigella flexneri
secretes the protein lcsB, which prevented ATG5-induced autophagy at the bacterial surface.
Yersinia pseudotuberculosis resides within arrested autophagosomes in macrophages, since it
can inhibit the fusion process with lysosomes [43, 44].

The more complicated adaptive immune system also relies on autophagy in many capacities.
Studies inducing ablation of autophagy proteins have revealed an essential role for autophagy
in maintaining normal numbers of B cells, T cells and hematopoietic stem cell survival and
function. Atg5- and Atg7- deficient models have shown that autophagy was important for T
cell survival and maintenance of mitochondria. An increase in mitochondrial mass has been
correlated with T cell death in circulating T cells, indicating a potential mechanism of action
[45]. Thymic epithelial cells have a high rate of basal autophagy compared to other cell types.
During T cell selection thymic epithelial cells display decorations of “self” and “non-self”
antigens, aiding in this process autophagy is proposed to facilitate ligand (MHC-II molecule)
loading. When autophagy was depleted specifically in thymic epithelial cells, the mature T
cell repertoire was diminished due to alterations in positive and negative T cell selection
processes. Interestingly, severe colitis, patches of flakey skin, atrophy of uterus, absence of fat
pads and enlargement of lymph nodes were observed in many cases. Inflammation was
observed in the colon, uterus, lung and Harderian gland of recipient mice. These manifesta‐
tions are indicative of autoimmune diseases and this model provides a clear linkage between
autophagy and autoimmune/inflammatory diseases [46]. A B cell-specific ablation of Atg5 was
achieved by either a Cre-LoxP approach (Atg5fl/fl; CD19-Cre) or by repopulating irradiated mice
with progenitor cells derived from an Atg5-/- fetal liver. In these experiments, autophagy was
found to be essential for the survival of pre-B cells (after the pro-B cell to pre-B cell transition).
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Additionally, in peripheral circulation Atg5 was required to maintain normal numbers of B-1a
B cell populations but not B-2 B cells [47].

Genome wide association studies of Crohn’s Disease identified two autophagy associated
genes, Atg16L and IRGM. A naturally occurring insertion/deletion mutation was identified in
the 5’UTR (untranslated region) of IRGM (immunity-related GTPase family, M) which
disrupted a transcription factor binding site [48]. In another study, a SNP in the coding region
of IRGM was identified that affected a microRNA binding site [49]. These identified mutations
suggested that IRGM expression level changes were associated with Crohn’s disease in
humans. A mouse knockout model of Irgm1 (a.k.a. LRG-47) has been developed and does not
display any overt phenotype, including development of the immune system. However, when
challenged with infection, Irgm-/- mice were unable to control the replication of intracellular
pathogens [50]. Unfortunately, the Irgm1-knockout mice have not been investigated specifi‐
cally in the context of autophagy function in immunity to date. However in parallel with in
vitro data, IRGM1 has recently been shown to induce autophagy in a mouse model of stroke.
The promotion of autophagy, most likely at the level of LC3I to LC3II conversion, was generally
protective [51].

The relationship between Crohn’s disease and the autophagic process is more developed in
terms of investigating the Atg16L risk allele association by using two Atg16L gene trap models
and an intestinal epithelium-specific Atg5 knockout (Atg5fl/fl; villin-Cre). Both Atg16L gene trap
models (HM1 and HM2) result in a hypomorphic expression of Atg16L protein. Interestingly,
in the Atg16L mutants Paneth cells exhibited abnormal morphology including decreased
granule number and disorganization of granules. Researchers concluded that autophagy was
required to maintain fidelity of the Paneth cell granule exocytosis pathway. When challenged
with infection, the Atg16L hypomorphs performed similarly to controls. In Atg5fl/fl; villin-Cre
ileum, abnormal Paneth cells were identified which paralleled to those identified in the
ATG16L mutants. Human ileum samples from at risk patients were examined and also
exhibited abnormal Paneth cell morphology [52]. It is noteworthy at this point to mention that
genome wide association studies for ulcerative colitis did not identify either of these autophagy
genes, nor others. This suggests that Atg16L and IRMG are specific for the physiopathology of
Crohn’s disease, not inflammatory bowel diseases generally.

2.7. Muscle atrophy

Muscle atrophy is a symptom of a multitude of pathological states including but not limited
to fasting conditions, denervation, inactivity, cancer, cardiac failure, and diabetes. Autophagy
has been shown to be active in muscular atrophy and other myopathies however due to the
nature of the methods used it cannot be said with certainty whether autophagy is promoting
atrophy or is activated as a cytoprotective mechanism and coincides with pathology.

In a mouse tissue-specific mouse model generated to investigate the effect of superoxide
dismutase 1 (SOD1) ablation on skeletal muscle, it was found that mutants developed muscle
atrophy, reduction in contractile force and abnormal mitochondria. Significant upregulation
of the mitophagy (specific and selective form of autophagy wherein mitochondria are prefer‐
entially enveloped and degraded) gene Bnip3, as well as, autophagosome marker LC3 were
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lysosomal inclusions were observed in several anatomical areas and cell types [41]. Neurons
had increased LC3-II expression and failed to clear LC3-II, once again indicating a functional
autophagic block that led to the pathogenesis [42].

2.6. Infectious disease and immunity (e.g. Crohn’s disease)

The innate immune system is the first line of defense against pathogens; it is evolutionarily
more ancient than the adaptive immune system and is deployed quickly and effectively despite
its lack of pathogen specificity or memory. Viruses, bacteria, and parasites can be eliminated
in an autophagic process involved in innate immunity defense termed ‘xenophagy.’ Invading
bacteria can generally be classified as vacuolar (e.g. Salmonella) or cytosolic (e.g. Listeria,
Shigella). Cytosolic bacteria can undergo ubiquitin-dependent and ubiquitin-independent
mechanisms for autophagosomal envelopment followed by translocation to lysosomes.
Vacuolar bacteria can be routed into autophagosomes, or in the instance of Mycobacteria,
autophagy proteins can resume the maturation of the vacuole and promoter fusion with the
lysosome. The main recognition receptors that link detection and autophagy induction include
the membrane TLRs (Toll-like receptors) and the cytoplasmic nucleotide-binding oligomeri‐
zation domains (NOD)-like receptors (NLRs). The receptors can recognize the lipopolysac‐
charides (LPS) and peptidylglycans of Gram-negative bacteria. Microbial interference with
autophagy can occur due to the adaptive nature of bacteria. For example, Shigella flexneri
secretes the protein lcsB, which prevented ATG5-induced autophagy at the bacterial surface.
Yersinia pseudotuberculosis resides within arrested autophagosomes in macrophages, since it
can inhibit the fusion process with lysosomes [43, 44].

The more complicated adaptive immune system also relies on autophagy in many capacities.
Studies inducing ablation of autophagy proteins have revealed an essential role for autophagy
in maintaining normal numbers of B cells, T cells and hematopoietic stem cell survival and
function. Atg5- and Atg7- deficient models have shown that autophagy was important for T
cell survival and maintenance of mitochondria. An increase in mitochondrial mass has been
correlated with T cell death in circulating T cells, indicating a potential mechanism of action
[45]. Thymic epithelial cells have a high rate of basal autophagy compared to other cell types.
During T cell selection thymic epithelial cells display decorations of “self” and “non-self”
antigens, aiding in this process autophagy is proposed to facilitate ligand (MHC-II molecule)
loading. When autophagy was depleted specifically in thymic epithelial cells, the mature T
cell repertoire was diminished due to alterations in positive and negative T cell selection
processes. Interestingly, severe colitis, patches of flakey skin, atrophy of uterus, absence of fat
pads and enlargement of lymph nodes were observed in many cases. Inflammation was
observed in the colon, uterus, lung and Harderian gland of recipient mice. These manifesta‐
tions are indicative of autoimmune diseases and this model provides a clear linkage between
autophagy and autoimmune/inflammatory diseases [46]. A B cell-specific ablation of Atg5 was
achieved by either a Cre-LoxP approach (Atg5fl/fl; CD19-Cre) or by repopulating irradiated mice
with progenitor cells derived from an Atg5-/- fetal liver. In these experiments, autophagy was
found to be essential for the survival of pre-B cells (after the pro-B cell to pre-B cell transition).
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Additionally, in peripheral circulation Atg5 was required to maintain normal numbers of B-1a
B cell populations but not B-2 B cells [47].

Genome wide association studies of Crohn’s Disease identified two autophagy associated
genes, Atg16L and IRGM. A naturally occurring insertion/deletion mutation was identified in
the 5’UTR (untranslated region) of IRGM (immunity-related GTPase family, M) which
disrupted a transcription factor binding site [48]. In another study, a SNP in the coding region
of IRGM was identified that affected a microRNA binding site [49]. These identified mutations
suggested that IRGM expression level changes were associated with Crohn’s disease in
humans. A mouse knockout model of Irgm1 (a.k.a. LRG-47) has been developed and does not
display any overt phenotype, including development of the immune system. However, when
challenged with infection, Irgm-/- mice were unable to control the replication of intracellular
pathogens [50]. Unfortunately, the Irgm1-knockout mice have not been investigated specifi‐
cally in the context of autophagy function in immunity to date. However in parallel with in
vitro data, IRGM1 has recently been shown to induce autophagy in a mouse model of stroke.
The promotion of autophagy, most likely at the level of LC3I to LC3II conversion, was generally
protective [51].

The relationship between Crohn’s disease and the autophagic process is more developed in
terms of investigating the Atg16L risk allele association by using two Atg16L gene trap models
and an intestinal epithelium-specific Atg5 knockout (Atg5fl/fl; villin-Cre). Both Atg16L gene trap
models (HM1 and HM2) result in a hypomorphic expression of Atg16L protein. Interestingly,
in the Atg16L mutants Paneth cells exhibited abnormal morphology including decreased
granule number and disorganization of granules. Researchers concluded that autophagy was
required to maintain fidelity of the Paneth cell granule exocytosis pathway. When challenged
with infection, the Atg16L hypomorphs performed similarly to controls. In Atg5fl/fl; villin-Cre
ileum, abnormal Paneth cells were identified which paralleled to those identified in the
ATG16L mutants. Human ileum samples from at risk patients were examined and also
exhibited abnormal Paneth cell morphology [52]. It is noteworthy at this point to mention that
genome wide association studies for ulcerative colitis did not identify either of these autophagy
genes, nor others. This suggests that Atg16L and IRMG are specific for the physiopathology of
Crohn’s disease, not inflammatory bowel diseases generally.

2.7. Muscle atrophy

Muscle atrophy is a symptom of a multitude of pathological states including but not limited
to fasting conditions, denervation, inactivity, cancer, cardiac failure, and diabetes. Autophagy
has been shown to be active in muscular atrophy and other myopathies however due to the
nature of the methods used it cannot be said with certainty whether autophagy is promoting
atrophy or is activated as a cytoprotective mechanism and coincides with pathology.

In a mouse tissue-specific mouse model generated to investigate the effect of superoxide
dismutase 1 (SOD1) ablation on skeletal muscle, it was found that mutants developed muscle
atrophy, reduction in contractile force and abnormal mitochondria. Significant upregulation
of the mitophagy (specific and selective form of autophagy wherein mitochondria are prefer‐
entially enveloped and degraded) gene Bnip3, as well as, autophagosome marker LC3 were
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detected by RT-PCR, most likely as a result of activation of transcription factor FoxO3. Oxidant
accumulation in SOD1-/- mice resulted in muscular atrophy through autophagy; this phenotype
was rescued by depletion of LC3 by siRNA knockdown suggesting that autophagy was the
driving pathway of atrophy. These findings imply that autophagy inhibition is a potential
therapeutic target for acute and chronic muscular atrophy [53].

Muscle-specific Atg7 conditional knockout mice were autophagy incompetent and morpho‐
logically diverged from wild type control littermates beginning at 40 days of age. Muscles of
the knockout mice exhibited degenerative changes and a decrease in myofiber size; these
abnormal changes were concurrent with the loss of muscle contractile force which further
decreased with increasing age. Even more telling may be the ultrastructural changes associated
with loss of autophagy in the muscles, abnormally large mitochondria, centrally located nuclei
and dilated sarcoplasmic reticulum all observed via electron microscopy [54].

As discussed previously, a muscle-specific Atg5 knockout mouse was generated and bred onto
a glycogen-degrading enzyme acid-alpha glucosidase knockout background (GAA-KO) to
interrogate the nature autophagic degradation of glycogen in the pathogenesis of Pompe
disease. This study provided additional evidence that autophagy functioned to prevent
muscular wasting. Muscle-specific GAA-/-; Atg5-/- mice developed progressive muscular
weakness and eventual paralysis beginning earlier (2-3 months of age) and progressing more
rapidly than autophagy-competent GAA KO mice. Ubiquitin-positive structures accumulated
in both GAA KO and GAA-/-; Atg5-/- mice with a differing distribution. In GAA KO myocytes,
autophagic vesicles built up in the cell and ubiquitin-positive structures associated with the
autophagosome. In GAA-/-; Atg5 -/- myocytes, ubiquitin-positive structures were distributed
throughout the cell and appeared to associate with lysosomes, though were not membrane
bound. These data indicated that the disruption of functional autophagy and accumulation of
toxic ubiquitin-positive structures promoted muscular myopathy [55].

2.8. Stroke

Cerebral ischemia is achieved in mice most often by surgical intervention and results in global,
restricted, or cerebral directed ischemia depending on the method selected. Furthermore in
some models ischemia is reversed, allowing reperfusion of the cerebral tissue. Autophagy is
induced by hypoxia/ischemia events; however it is unclear whether autophagy is protective
or maladaptive in stroke models. Responsibility of much of the dissenting opinions may be
attributed to the variety of techniques used to induce ischemia events, these have been
reviewed at length by Hossmann in [56]. Neonatal mice subjected to hypoxic/ischemic (H/I)
brain injury responded with a robust autophagic response in neurons and hippocampal
neuron death. Atg7-/- neonates, which are autophagy incompetent, were protected from
hippocampal neuron death when subjected to identical (H/I) brain injury as control mice,
indicating a neurotoxic role for autophagy induction [57]. Conversely, in when wild type mice
were subjected to H/I brain injury and reperfusion, damage was mitigated by intraperitoneal
injection of NAD+. NAD+ administration inhibited autophagy induction. In the NAD+ treated
group, a reduction of autophagy was correlated with a decrease in neuronal damage. To
further investigate this link, researchers subjected mice to H/I injury and treated them with 3-
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methyladenine (3-MA), an autophagy inhibitor, and an amelioration of neuronal damage was
observed. These data indicated that in adults, H/I brain injury followed by reperfusion
autophagy was maladaptive; furthermore, inhibition of autophagy at the time of reperfusion
was neuroprotective [58]. Moreover, in a rat ischemia model, inhibition of autophagy by Becn1-
directed shRNA or 3-MA treatment led to a reduction in damage and neuronal loss in the
ipsilateral thalamus. This study supported the hypothesis that autophagy induction increased
damage when activated following an ischemia/reperfusion event [59]. The variance amongst
the model systems could account for much of the disparity seen in outcomes. The age of the
individual, duration of ischemic event, and presence or absence of reperfusion is all potential
modulators autophagic response.

2.9. Type 2 diabetes

Type 2 diabetes (T2D) is a complex disease that manifests in tissues, especially adipose,
muscles, and liver, becoming resistant to insulin signaling and causing hyperglycemia.
Pancreatic β–cells initially respond by increasing their production of insulin, but prolonged
insulin resistance results in atresia of β–cells and a marked reduction in insulin production.
Due to the high metabolic demands placed on β–cells it follows that autophagy would be play
an important role in the pathophysiology of this chronic disease. In wild type C57BL/6 mice
β–cells, unlike most organs, autophagosomes are sparingly observed after a period of starva‐
tion. However, when mice were fed high fat diets for 12 weeks, autophagosomes were readily
observed. These results were confirmed in vitro by treating INS-1 β–cells with free fatty acid
(FFA), glucose, or tolbutamide. Cells treated with FFA had increased LC3II levels and
observable autophagosomes while cells treated with glucose or tolbutamide (a drug regularly
prescribed for T2D) did not show any significant change in LC3 conversion or autophagosome
formation. To further investigate the link between autophagy and β–cells, a β–cell specific
Atg7-/- mutant mice was generated (Atg7fl/fl; Rip-Cre). As early as 4 weeks, and degenerating in
an age-dependent manner, enlarged cells with pale staining cytoplasm were identified near
the periphery of Atg7fl/fl; Rip-Cre islets. Inclusion bodies were observed at a high frequency in
the enlarged cells the presence of inclusion bodies increased with age, and deformed mito‐
chondria were also observed in these enlarged cells. Resting blood glucose levels were higher
and insulin secretion was reduced in Atg7fl/fl; Rip-Cre mice when compared to control Atg7fl/fl

mice: these differences were amplified when control and Atg7fl/fl; Rip-Cre mice were fed high
fat diets [60]. In a related model, Marsh et al generated β–cells with a defective secretory
pathway in Rab3A-/- mice. Although increased intracellular insulin levels were expected, this
was not observed. Increased autophagy of the peptide hormone maintained the levels of
insulin and prevented accumulation of potentially toxic cellular substrates [61]. These
experiments together suggested that β–cells depended on autophagy to clear damaged
organelles and toxic intracellular protein aggregates.

2.10. Reproductive infertility

The role of  autophagy during folliculogenesis is  a comparatively new topic of study. In
rats,  LC3II  expression  was  characterized  in  follicles  of  varying  developmental  stages.
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detected by RT-PCR, most likely as a result of activation of transcription factor FoxO3. Oxidant
accumulation in SOD1-/- mice resulted in muscular atrophy through autophagy; this phenotype
was rescued by depletion of LC3 by siRNA knockdown suggesting that autophagy was the
driving pathway of atrophy. These findings imply that autophagy inhibition is a potential
therapeutic target for acute and chronic muscular atrophy [53].

Muscle-specific Atg7 conditional knockout mice were autophagy incompetent and morpho‐
logically diverged from wild type control littermates beginning at 40 days of age. Muscles of
the knockout mice exhibited degenerative changes and a decrease in myofiber size; these
abnormal changes were concurrent with the loss of muscle contractile force which further
decreased with increasing age. Even more telling may be the ultrastructural changes associated
with loss of autophagy in the muscles, abnormally large mitochondria, centrally located nuclei
and dilated sarcoplasmic reticulum all observed via electron microscopy [54].

As discussed previously, a muscle-specific Atg5 knockout mouse was generated and bred onto
a glycogen-degrading enzyme acid-alpha glucosidase knockout background (GAA-KO) to
interrogate the nature autophagic degradation of glycogen in the pathogenesis of Pompe
disease. This study provided additional evidence that autophagy functioned to prevent
muscular wasting. Muscle-specific GAA-/-; Atg5-/- mice developed progressive muscular
weakness and eventual paralysis beginning earlier (2-3 months of age) and progressing more
rapidly than autophagy-competent GAA KO mice. Ubiquitin-positive structures accumulated
in both GAA KO and GAA-/-; Atg5-/- mice with a differing distribution. In GAA KO myocytes,
autophagic vesicles built up in the cell and ubiquitin-positive structures associated with the
autophagosome. In GAA-/-; Atg5 -/- myocytes, ubiquitin-positive structures were distributed
throughout the cell and appeared to associate with lysosomes, though were not membrane
bound. These data indicated that the disruption of functional autophagy and accumulation of
toxic ubiquitin-positive structures promoted muscular myopathy [55].

2.8. Stroke

Cerebral ischemia is achieved in mice most often by surgical intervention and results in global,
restricted, or cerebral directed ischemia depending on the method selected. Furthermore in
some models ischemia is reversed, allowing reperfusion of the cerebral tissue. Autophagy is
induced by hypoxia/ischemia events; however it is unclear whether autophagy is protective
or maladaptive in stroke models. Responsibility of much of the dissenting opinions may be
attributed to the variety of techniques used to induce ischemia events, these have been
reviewed at length by Hossmann in [56]. Neonatal mice subjected to hypoxic/ischemic (H/I)
brain injury responded with a robust autophagic response in neurons and hippocampal
neuron death. Atg7-/- neonates, which are autophagy incompetent, were protected from
hippocampal neuron death when subjected to identical (H/I) brain injury as control mice,
indicating a neurotoxic role for autophagy induction [57]. Conversely, in when wild type mice
were subjected to H/I brain injury and reperfusion, damage was mitigated by intraperitoneal
injection of NAD+. NAD+ administration inhibited autophagy induction. In the NAD+ treated
group, a reduction of autophagy was correlated with a decrease in neuronal damage. To
further investigate this link, researchers subjected mice to H/I injury and treated them with 3-
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methyladenine (3-MA), an autophagy inhibitor, and an amelioration of neuronal damage was
observed. These data indicated that in adults, H/I brain injury followed by reperfusion
autophagy was maladaptive; furthermore, inhibition of autophagy at the time of reperfusion
was neuroprotective [58]. Moreover, in a rat ischemia model, inhibition of autophagy by Becn1-
directed shRNA or 3-MA treatment led to a reduction in damage and neuronal loss in the
ipsilateral thalamus. This study supported the hypothesis that autophagy induction increased
damage when activated following an ischemia/reperfusion event [59]. The variance amongst
the model systems could account for much of the disparity seen in outcomes. The age of the
individual, duration of ischemic event, and presence or absence of reperfusion is all potential
modulators autophagic response.

2.9. Type 2 diabetes

Type 2 diabetes (T2D) is a complex disease that manifests in tissues, especially adipose,
muscles, and liver, becoming resistant to insulin signaling and causing hyperglycemia.
Pancreatic β–cells initially respond by increasing their production of insulin, but prolonged
insulin resistance results in atresia of β–cells and a marked reduction in insulin production.
Due to the high metabolic demands placed on β–cells it follows that autophagy would be play
an important role in the pathophysiology of this chronic disease. In wild type C57BL/6 mice
β–cells, unlike most organs, autophagosomes are sparingly observed after a period of starva‐
tion. However, when mice were fed high fat diets for 12 weeks, autophagosomes were readily
observed. These results were confirmed in vitro by treating INS-1 β–cells with free fatty acid
(FFA), glucose, or tolbutamide. Cells treated with FFA had increased LC3II levels and
observable autophagosomes while cells treated with glucose or tolbutamide (a drug regularly
prescribed for T2D) did not show any significant change in LC3 conversion or autophagosome
formation. To further investigate the link between autophagy and β–cells, a β–cell specific
Atg7-/- mutant mice was generated (Atg7fl/fl; Rip-Cre). As early as 4 weeks, and degenerating in
an age-dependent manner, enlarged cells with pale staining cytoplasm were identified near
the periphery of Atg7fl/fl; Rip-Cre islets. Inclusion bodies were observed at a high frequency in
the enlarged cells the presence of inclusion bodies increased with age, and deformed mito‐
chondria were also observed in these enlarged cells. Resting blood glucose levels were higher
and insulin secretion was reduced in Atg7fl/fl; Rip-Cre mice when compared to control Atg7fl/fl

mice: these differences were amplified when control and Atg7fl/fl; Rip-Cre mice were fed high
fat diets [60]. In a related model, Marsh et al generated β–cells with a defective secretory
pathway in Rab3A-/- mice. Although increased intracellular insulin levels were expected, this
was not observed. Increased autophagy of the peptide hormone maintained the levels of
insulin and prevented accumulation of potentially toxic cellular substrates [61]. These
experiments together suggested that β–cells depended on autophagy to clear damaged
organelles and toxic intracellular protein aggregates.

2.10. Reproductive infertility

The role of  autophagy during folliculogenesis is  a comparatively new topic of study. In
rats,  LC3II  expression  was  characterized  in  follicles  of  varying  developmental  stages.
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Primordial  follicles  exhibited  only  weak expression,  but  antral  follicles  exhibited  robust
expression restricted to granulosa cells. Staining was not observed in the oocyte proper or
theca  cells  in  any stage  follicle  [62].  In  mice,  expression studies  also  indicate  a  role  for
autophagy  during  folliculogenesis.  An  expression  profile  of  Becn1  mRNA  revealed
significantly higher expression in primordial follicles than in other stages.  Immunohisto‐
chemistry for BECN1 confirmed this result and consistent staining of granulose cells, theca
cells  and oocyte cytoplasm was seen in all  follicular stages examined [63].  Interestingly,
when Becn1 or Atg7 is ablated specifically in the female germline (MMTV-CreA; Becn1fl/fl)
or globally (Atg7-/-),  fewer primordial follicles were present in the perinatal ovary. These
results indicated that autophagy may be vital for survival of the primordial follicle pool,
and be active during folliculogenesis and follicular atresia. In males it is well accepted that
autophagy is responsible for post fertilization paternal mitochondrial clearance to prevent
paternal mitochondrial DNA transmission; however, the role of autophagy during sperma‐
togenesis is a field in its nascence. It has been shown in Arabidopsis that Becn1 was essential
for pollen development [64]. Also, autophagy induction in stallion sperm, as measured by
LC3I to LC3II conversation, was important for the survival of sperm post ejaculation [65].
In  mice,  an  Atg5  sperm-specific  conditional  deletion  has  been  generated  and  males
developed  an  infertility  phenotype  at  approximately  15  weeks  due  to  accumulation  of
abnormal structures in the seminiferous tubules as well as abnormal sperm. Tsukamoto et
al. suggested that autophagy may be essential for normal spermiogenesis in mice in order
to effect cytoplasmic reduction [66].

In  conclusion,  a  variety  of  mouse  models  have  been  established  and  interrogated  to
understand the implications of autophagy in human disease. These genetic-based models
are primarily  either  reliant  upon:  1)  the generation of  an autophagy-defective mouse to
characterize a  given disease state,  or  2)  the characterization of  autophagy within a  pre-
established murine model. As this review has shown, conditional knockout models have
been extremely useful in disease profiling. The next wave of studies will invariably utilize
inducible-based  systems  for  conditional  knockouts,  genetic-based  rescue  experiments  of
disease models, or pharmaceutical-based modification of autophagy. A prevailing theme in
the field is that autophagy can either be beneficial or deleterious depending on the disease
and its progression state, a theme which must be addressed in designing and implement‐
ing appropriate treatment regimes.
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Primordial  follicles  exhibited  only  weak expression,  but  antral  follicles  exhibited  robust
expression restricted to granulosa cells. Staining was not observed in the oocyte proper or
theca  cells  in  any stage  follicle  [62].  In  mice,  expression studies  also  indicate  a  role  for
autophagy  during  folliculogenesis.  An  expression  profile  of  Becn1  mRNA  revealed
significantly higher expression in primordial follicles than in other stages.  Immunohisto‐
chemistry for BECN1 confirmed this result and consistent staining of granulose cells, theca
cells  and oocyte cytoplasm was seen in all  follicular stages examined [63].  Interestingly,
when Becn1 or Atg7 is ablated specifically in the female germline (MMTV-CreA; Becn1fl/fl)
or globally (Atg7-/-),  fewer primordial follicles were present in the perinatal ovary. These
results indicated that autophagy may be vital for survival of the primordial follicle pool,
and be active during folliculogenesis and follicular atresia. In males it is well accepted that
autophagy is responsible for post fertilization paternal mitochondrial clearance to prevent
paternal mitochondrial DNA transmission; however, the role of autophagy during sperma‐
togenesis is a field in its nascence. It has been shown in Arabidopsis that Becn1 was essential
for pollen development [64]. Also, autophagy induction in stallion sperm, as measured by
LC3I to LC3II conversation, was important for the survival of sperm post ejaculation [65].
In  mice,  an  Atg5  sperm-specific  conditional  deletion  has  been  generated  and  males
developed  an  infertility  phenotype  at  approximately  15  weeks  due  to  accumulation  of
abnormal structures in the seminiferous tubules as well as abnormal sperm. Tsukamoto et
al. suggested that autophagy may be essential for normal spermiogenesis in mice in order
to effect cytoplasmic reduction [66].

In  conclusion,  a  variety  of  mouse  models  have  been  established  and  interrogated  to
understand the implications of autophagy in human disease. These genetic-based models
are primarily  either  reliant  upon:  1)  the generation of  an autophagy-defective mouse to
characterize a  given disease state,  or  2)  the characterization of  autophagy within a  pre-
established murine model. As this review has shown, conditional knockout models have
been extremely useful in disease profiling. The next wave of studies will invariably utilize
inducible-based  systems  for  conditional  knockouts,  genetic-based  rescue  experiments  of
disease models, or pharmaceutical-based modification of autophagy. A prevailing theme in
the field is that autophagy can either be beneficial or deleterious depending on the disease
and its progression state, a theme which must be addressed in designing and implement‐
ing appropriate treatment regimes.
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Autophagy in GNE Myopathy

Anna Cho and Satoru Noguchi

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/55223

1. Introduction

Muscle diseases represent specific muscle pathology. The characteristic features as hallmarks
of diseases have been historically used to diagnose the patients. The “Rimmed vacuole (RV)”
(Figures 1) is one of such characteristic features in certain groups of the diseases. This structure
consists of the space (vacuole) and purple granules (rim) within myofibers, while the space is
sometimes occupied with cytosolic contents indicating that the space is artificially produced
during the staining process and the rims have the nature of this pathological hallmark.
Ultrastructurally, as discussed later, many autophagic vacuoles and multi-lamellar bodies are
observed in RVs.

Figure 1. Rimmed vacuoles in a modified Gomori trichrome section. The purple granules (arrow heads) are surround‐
ing vacuoles (asterisks).
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Skeletal muscle represents 40~50% of the human body and is one of the most important sites
for the control of metabolism. During catabolic conditions, muscle proteins are mobilized to
provide alternative energy substrates for the other organs. The RV formation indicates
dysfunction of autophagy and breakdown of energy homeostasis in diseased skeletal muscles.
In addition, it also suggests the importance of autophagy in muscle functions. There is a group
of muscle disease, generally referred to as autophagic vacuolar myopathies (AVM), which are
characterized by the accumulation of autophagic vacuoles on skeletal muscle pathology.

In this review, we will give an outline of general knowledge and classification on AVMs and
overview the molecular processes underlying autophagic vacuoles formation in rimmed
vacuolar myopathies on the basis of our experimental evidences regarding GNE myopathy.

2. Autophagic vacuolar myopathies

Dysfunctional autophagy is associated with several neurodegenerative disorders [1-3]. As for
muscle disorders, these are referred to as AVMs [4]. Since the autophagosomes are not observed
in normal muscle fibers, autophagic vacuoles have been often recognized as pathologic hall‐
marks of numerous neuromuscular disorders. Two major categories in AVMs include lysoso‐
mal myopathies and rimmed vacuolar myopathies (Table 1) [4-6]. The former are associated with
a primary defect in lysosomal proteins and the two best-described and genetically diagnosable
AVMs, Pompe disease and Danon disease, are classified in this group. In contrast, autophagic
vacuoles in rimmed vacuolar myopathies are secondarily caused by extra-lysosomal defects and
usually observed at later stages of the disease. There are various kinds of rimmed vacuolar
myopathies including sporadic inclusion body myositis (sIBM) and myofibrillar myopathies and
most of them are clinically and etiologically heterogeneous disorders.

Disease Causative Genes

Lysosomal Myopathy

Acid maltase deficiency (Pompe disease) GAA

Danon disease LAMP2

X-linked myopathy with excessive autophagy (XMEA) (identified)

Myopathy with rimmed vacuoles (RVs)

Inclusion body myositis (sIBM) ?

Myofibrillar myopathy DES CRYAB MYOT ZASP etc

GNE myopathy GNE

Inclusion body myopathy, Paget’s disease of bone, and frontotemporal

dementia (IBMPFD)

VCP

Other myopathies often showing RVs

Oculopharyngeal muscular dystrophy (OPMD) PABPN1

Marinesco-Sjögren syndrome SIL1

Myotonic dystrophy DMPK

Table 1. Lists of autophagic vacuolar myopathies.
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2.1. Lysosomal myopathy

Two best known disorders in AVMs are associated with primary lysosomal protein defects,
namely, Pompe disease [7] and Danon disease [8]. The former is caused by a deficiency of
lysosomal enzymes within the vacuoles, whereas the latter is caused by a deficiency of
lysosomal membrane structural protein [9].

2.1.1. Pompe disease

Pompe disease [7], also referred to as glycogen storage disease type II and acid maltase
deficiency, is the best characterized lysosomal myopathy caused by a deficiency of acid α-
glucosidase (GAA, also known as acid maltase). This enzyme defect results in lysosomal
glycogen accumulation in multiple tissues and cell types, with skeletal and cardiac muscle cells
the most seriously affected [10, 11]. The classic infantile form is a rapidly progressive disease
with hypotonia, generalized muscle weakness, and hypertrophic cardiomyopathy, usually
leading to death from cardiorespiratory failure or respiratory infection in the first year of life
[12]. But enzyme replacement therapy with recombinant human GAA is now available, which
can dramatically improve the clinical features and life expectancy of the infantile Pompe
disease patients [13-15]. The late-onset type shows less progressive clinical characteristics and
absence of severe cardiomyopathy; these phenotypical differences are related to residual
enzyme activity [16]. The GAA gene is located on human chromosome 17q25.2-25.3 and more
than 200 pathogenic sequence variations have been characterized up to date [17].

On muscle pathology, cytoplasmic vacuoles are so remarkable and large that these occupy
most of the space in many muscle fibers (Figure 2). The vacuoles contain amorphous materials
that are presumably glycogen because of the strong reactivity with periodic acid Schiff stain.
Acid phosphatase staining also shows strong signals in these vacuoles, indicating high
lysosomal content [6]. In terms of pathomechanism, the failure of the lysosomal degradation
of glycogen leads to the accumulation of autophagic vacuoles, which may cause cellular
dysfunction and abnormal cytoskeletal organization [18].

Figure 2. Pathologic findings in Pompe disease. Hematoxylin and eosin (left) and modified Gomori trichrome (middle)
sections show pathognomonic vacuolar structures (arrows) in myofibers. These vacuolar structures are strongly
stained by acid phosphatase (right).
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2.1.2. Danon disease

Danon disease is an X-linked disorder caused by the primary deficiency of lysosome-associated
membrane protein-2 (LAMP-2) [9]. Characteristic clinical features include skeletal myopathy,
cardiomyopathy, and mental retardation. Male patients usually manifest the disease in their
teens and die before their 30s from cardiac problems. LAMP-2 deficiency causes accumulation
of autophagic vacuoles in a variety of tissues, including skeletal and cardiac muscles [5]. As
LAMP-2 is required for the maturation of early autophagic vacuoles by fusion with endosomes
and lysosomes, deficiency of LAMP-2 leads to a failure in the normal progression of autophagic
maturation [6].

Muscle biopsy from the patients with Danon disease show scattered small basophilic granules
in myofibers and lysosomal acid phosphatase activity is increased in these granules (Figure
3). Large vacuolar structures having sarcolemmal features with acetylcholine esterase activity
are surrounding those lysosomal granules and these structures are known as autophagic
vacuoles with sarcolemmal features (AVSF) [19]. This characteristic pathology in Danon
disease (AVSF) is also seen in a number of diseases including X-linked myopathy with
excessive autophagy (XMEA) [20], infantile autophagic vacuolar myopathy [21], and X-linked
congenital autophagic vacuolar myopathy [22]. The list of this group of autophagic vacuolar
myopathy is rapidly expanding [5] and they are expected to be related with lysosomal function
because the pathologic features are quite similar to those in Danon disease.

Figure 3. Pathologic findings in Danon disease and XMEA. Many AVSFs (arrows) are showing acetylcholine esterase
and nonspecific esterase positivity. HE-hematoxylin and eosin; mGT-modified Gomori trichrome; NSE-nonspecific es‐
terase; AChE-acetylcholine esterase.
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2.2. Myopathy with rimmed vacuoles

Rimmed vacuolar myopathies comprise more various and heterogeneous disorders. The most
common disease in this group is sIBM, which has been traditionally considered as an inflam‐
matory myopathy. Myofibrillar myopathy, a group of chronic myopathies with a similar
pathologic phenotype, is caused by several different genes. And VCP myopathy and GNE
myopathy are well known single gene disorders which can be classified as hereditary inclusion
body myopathies (hIBM). In addition, it is not uncommon that rimmed vacuoles are appreci‐
ated in numerous chronic myopathies which are not classically classified as rimmed vacuolar
myopathies.

2.2.1. Inclusion Body Myositis (sIBM)

sIBM is the most common muscle disease in elderly patients [23-25]. Clinically, general
progressive muscle weakness starts after age 50 years. The quadriceps muscle and finger
flexors are usually affected early on. sIBM Patients may become unable to perform daily living
activities and require assistive devices within 10 years of symptom onset. Muscle biopsy
characteristically reveals rimmed vacuolar muscle fibers with endomysial T-cell inflammatory
infiltrates. Although there still remains controversy whether sIBM is an autoimmune inflam‐
matory myopathy or a primary degenerative myopathy with secondary inflammation, it is
becoming more likely that abnormal myoproteostasis and muscle fiber degeneration with
aging play primary pathogenic roles in this disorder [26].

Askanas and Engel [27] indicated that several phenomena observed in the degeneration of
sIBM muscle fibers are similar to the neuronal degenerative processes occurring in both
Alzheimer’s disease and Parkinson’s disease. Abnormal accumulations of various pathogenic
proteins, posttranslational modifications of the accumulated proteins, abnormal protein
disposal, and impaired autophagy and 26S proteasome function are common intracellular
features of neurodegenerative disorders and thus suggest that sIBM is, like neurodegenerative
diseases, a complex degenerative disorder caused by protein misfolding and associated with
multiprotein aggregation [28].

2.2.2. Myofibrillar myopathies

RVs are often appreciated in large numbers of myofibrillar myopathies [29-31], which is a
group of hereditary myopathies pathologically characterized as markedly disorganized
myofibrils with cytoplasmic inclusion. Clinical symptoms of myofibrillar myopathies are very
variable. The onset age rages from infancy to the eighth decade. Some patients show limb girdle
muscle involvement, whereas others show distal myopathy. Cardiomyopathy is often
involved and even can be seen in patients with no obvious skeletal muscle weakness. Seven
disease-related genes have been identified (DES, CRYAB, MYOT, ZASP, FLNC, BAG3, and
FHL1) up to date and all of them encode proteins closely related to Z-line. Electron microscopy
findings imply that disintegration of myofibrils near Z-line causes accumulation of filamentous
material and aggregation of membranous organelles and glycogen, leading to the entrapment
of dislocated membranous organelles in autophagic vacuoles [31].

Autophagy in GNE Myopathy
http://dx.doi.org/10.5772/55223

145



2.1.2. Danon disease

Danon disease is an X-linked disorder caused by the primary deficiency of lysosome-associated
membrane protein-2 (LAMP-2) [9]. Characteristic clinical features include skeletal myopathy,
cardiomyopathy, and mental retardation. Male patients usually manifest the disease in their
teens and die before their 30s from cardiac problems. LAMP-2 deficiency causes accumulation
of autophagic vacuoles in a variety of tissues, including skeletal and cardiac muscles [5]. As
LAMP-2 is required for the maturation of early autophagic vacuoles by fusion with endosomes
and lysosomes, deficiency of LAMP-2 leads to a failure in the normal progression of autophagic
maturation [6].

Muscle biopsy from the patients with Danon disease show scattered small basophilic granules
in myofibers and lysosomal acid phosphatase activity is increased in these granules (Figure
3). Large vacuolar structures having sarcolemmal features with acetylcholine esterase activity
are surrounding those lysosomal granules and these structures are known as autophagic
vacuoles with sarcolemmal features (AVSF) [19]. This characteristic pathology in Danon
disease (AVSF) is also seen in a number of diseases including X-linked myopathy with
excessive autophagy (XMEA) [20], infantile autophagic vacuolar myopathy [21], and X-linked
congenital autophagic vacuolar myopathy [22]. The list of this group of autophagic vacuolar
myopathy is rapidly expanding [5] and they are expected to be related with lysosomal function
because the pathologic features are quite similar to those in Danon disease.

Figure 3. Pathologic findings in Danon disease and XMEA. Many AVSFs (arrows) are showing acetylcholine esterase
and nonspecific esterase positivity. HE-hematoxylin and eosin; mGT-modified Gomori trichrome; NSE-nonspecific es‐
terase; AChE-acetylcholine esterase.

Autophagy - A Double-Edged Sword - Cell Survival or Death?144

2.2. Myopathy with rimmed vacuoles

Rimmed vacuolar myopathies comprise more various and heterogeneous disorders. The most
common disease in this group is sIBM, which has been traditionally considered as an inflam‐
matory myopathy. Myofibrillar myopathy, a group of chronic myopathies with a similar
pathologic phenotype, is caused by several different genes. And VCP myopathy and GNE
myopathy are well known single gene disorders which can be classified as hereditary inclusion
body myopathies (hIBM). In addition, it is not uncommon that rimmed vacuoles are appreci‐
ated in numerous chronic myopathies which are not classically classified as rimmed vacuolar
myopathies.

2.2.1. Inclusion Body Myositis (sIBM)

sIBM is the most common muscle disease in elderly patients [23-25]. Clinically, general
progressive muscle weakness starts after age 50 years. The quadriceps muscle and finger
flexors are usually affected early on. sIBM Patients may become unable to perform daily living
activities and require assistive devices within 10 years of symptom onset. Muscle biopsy
characteristically reveals rimmed vacuolar muscle fibers with endomysial T-cell inflammatory
infiltrates. Although there still remains controversy whether sIBM is an autoimmune inflam‐
matory myopathy or a primary degenerative myopathy with secondary inflammation, it is
becoming more likely that abnormal myoproteostasis and muscle fiber degeneration with
aging play primary pathogenic roles in this disorder [26].

Askanas and Engel [27] indicated that several phenomena observed in the degeneration of
sIBM muscle fibers are similar to the neuronal degenerative processes occurring in both
Alzheimer’s disease and Parkinson’s disease. Abnormal accumulations of various pathogenic
proteins, posttranslational modifications of the accumulated proteins, abnormal protein
disposal, and impaired autophagy and 26S proteasome function are common intracellular
features of neurodegenerative disorders and thus suggest that sIBM is, like neurodegenerative
diseases, a complex degenerative disorder caused by protein misfolding and associated with
multiprotein aggregation [28].

2.2.2. Myofibrillar myopathies

RVs are often appreciated in large numbers of myofibrillar myopathies [29-31], which is a
group of hereditary myopathies pathologically characterized as markedly disorganized
myofibrils with cytoplasmic inclusion. Clinical symptoms of myofibrillar myopathies are very
variable. The onset age rages from infancy to the eighth decade. Some patients show limb girdle
muscle involvement, whereas others show distal myopathy. Cardiomyopathy is often
involved and even can be seen in patients with no obvious skeletal muscle weakness. Seven
disease-related genes have been identified (DES, CRYAB, MYOT, ZASP, FLNC, BAG3, and
FHL1) up to date and all of them encode proteins closely related to Z-line. Electron microscopy
findings imply that disintegration of myofibrils near Z-line causes accumulation of filamentous
material and aggregation of membranous organelles and glycogen, leading to the entrapment
of dislocated membranous organelles in autophagic vacuoles [31].

Autophagy in GNE Myopathy
http://dx.doi.org/10.5772/55223

145



In the cardiomyocytes-restricted CRYAB over-expressed mice, autophagic activity is increased
in response to protein aggregates and blunting autophagy in vivo dramatically worsen the
disease progression [32]. Although myofibrillar myopathy includes various genetically and
clinically heterogeneous disorders, accumulation of misfolded proteins is considered as a
common pathological pattern and autophagy in myofibrillar myopathy is now becoming to
be considered as an adaptive response.

2.2.3. Inclusion Body Myopathy, Paget’s disease of the bone, and Frontotemporal Dementia (IBMPFD);
Valosin-Containing Protein (VCP) myopathy

Inclusion body myopathy (IBM) with Paget’s disease of bone (PDB) and frontotemporal
dementia (FTD), now called IBMPFD or valosin-containing protein (VCP) myopathy, is a
progressive autosomal dominant disorder caused by mutations in the VCP [33]. It is a rare
multisystem degenerative disorder with three variably penetrated phenotypic features [34].
90% of patients develop muscle weakness with a mean onset of 45 years of age and 50% of
patients have osteolytic lesions consistent with PDB at the same mean age. About 30% patients
develop a typical FTD manifested by apparent language and behavior dysfunction at fifties
[35]. Other phenotypic features have been reported as well, including dilated cardiomyopathy,
cataracts and sensory-motor neuropathy [36]. Muscle biopsy shows degenerating fibers with
RVs and sarcoplasmic inclusions. While molecular pathogenesis in IBMPFD is unknown, the
extensive accumulation of ubiquitin conjugates in affected tissues suggests impairment of
protein degradation pathways in this disease. In addition, impaired maturation of ubiquitin-
containing autophagosomes in cells expressing VCP mutants imply that defective autophagy
also contributes to the pathogenesis of IBMPFD [37].

2.2.4. Other myopathies often related with rimmed vacuoles

Although they are not pathognomonic, RVs are often accompanied in various chronic
myopathic conditions including Marinesco-Sjögren syndrome and oculopharyngeal muscular
dystrophy (OPMD). It is interesting that these clinically and genetically different disorders are
sharing a similar pathologic feature in skeletal muscles.

Marinesco-Sjögren syndrome is an autosomal recessive disorder clinically characterized by
cerebellar ataxia, cataracts from infancy, mental retardation, and myopathy [38]. Loss of func‐
tion mutations in SIL1, which encodes a nucleotide exchange factor for the Hsp70 chaperone BiP,
was identified as a causative gene. Previous ultra-structural study showed that myofibrillar
degeneration with autophagic phenomenon is prominent in Marinesco-Sjögren syndrome
muscles [39]. In addition, it was demonstrated that increased ER stress and altered protein folding
lead to neurodegeneration in SIL1 knock-out mice [40], from which we can infer similar pathogen‐
ic process may occur in skeletal muscles of Marinesco-Sjögren syndrome.

OPDM is known to be caused by repeat expansion mutations in PABPN1 [41]. It has recently
become evident that autophagy has an important role in the pathogenesis of repeat expansion
disease [42]. The role of autophagy has been extensively studied especially in the polygluta‐
mine diseases such as Huntington’s disease and spinocerebellar ataxia. Most of research
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evidences suggest that autophagy has up-regulated for the degeneration of misfolded proteins
and usually is neuroprotective in those disorders.

Figure 4. Pathologic findings in myopathies with rimmed vacuoles. Clinically and etiologically different disorders are
showing same pathologic features (RVs; arrows) in skeletal muscles. HE-hematoxylin and eosin; mGT-modified Gomori
trichrome; IBM-inclusion body myositis; MFM-myofibrillar myopathy; IBMPFD-inclusion body myopathy with Paget’s
disease of bone and frontotemporal dementia; MSS-Marinesco-Sjögren syndrome.

3. GNE myopathy

GNE myopathy is one of the well described rimmed vacuolar myopathies. It is an autosomal
recessive myopathy originally reported in 1981 by Nonaka et al. [43, 44], and thus is also
referred as distal myopathy with rimmed vacuoles (DMRV) or Nonaka myopathy. In 1984,
Argov and Yarom [45] reported a similar disorder among Iranian Jews with the title of ‘rimmed
vacuolar myopathy sparing quadriceps’. And the term ‘quadriceps sparing myopathy’ and
‘hereditary inclusion body myopathy (hIBM)’ has also been used to refer this disease. Since
these two disorders are thought to be identical and caused by GNE mutations [46], it would
be better to harmonized the naming of this disease. The experts have recently designated the
disease to be called “GNE myopathy”.

Among the AVMs secondarily caused by extra-lysosomal defects, GNE myopathy has some
advantages for the pathomechanism research. It is a single gene disorder with a homogeneous
phenotype and the model mice which evidently display similar features of a human GNE
myopathy have been generated [47]. Regardless of the upstream causes, autophagy in myopa‐
thies is thought to be mainly attributed to abnormal lysosomal function regarding their effects on
myofiber breakdown in common and RVs appreciated in various kinds of myopathies is known
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evidences suggest that autophagy has up-regulated for the degeneration of misfolded proteins
and usually is neuroprotective in those disorders.

Figure 4. Pathologic findings in myopathies with rimmed vacuoles. Clinically and etiologically different disorders are
showing same pathologic features (RVs; arrows) in skeletal muscles. HE-hematoxylin and eosin; mGT-modified Gomori
trichrome; IBM-inclusion body myositis; MFM-myofibrillar myopathy; IBMPFD-inclusion body myopathy with Paget’s
disease of bone and frontotemporal dementia; MSS-Marinesco-Sjögren syndrome.
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to share similar histological and biochemical features. Thus, a comprehensive review of achieve‐
ments and addressed issues in GNE myopathy research can broaden our understanding of this
common pathomechanism of autophagy in rimmed vacuolar myopathies.

3.1. Clinical and pathologic features of GNE myopathy

Clinically, GNE myopathy is an early adult-onset progressive myopathy that affects the tibialis
anterior muscle preferentially but spares quadriceps femoris muscles. The symptoms of distal
limb muscle weakness start to affect the patient from the second or third decades, and most of
the patients become wheelchair-bound between twenties and sixties with a median time to
loss of ambulation of 17 years after disease onset [48]. Although the tibialis anterior muscle is
most significantly affected, gastrocnemius, hamstrings, paraspinal, and sternocleidomastoid
muscles are also involved from an early stage. Cardiac and respiratory muscles are less
involved. Serum creatine kinase (CK) levels are normal to mildly elevated [49].

Muscle pathology (Figure 5) is characterized by the presence of RVs predominantly in atrophic
fibers, which are occasionally aggregated and form small groups. These RVs are actually
clusters of autophagic vacuoles and multi-lamellar bodies. They often contain congophilic
amyloid material and deposits that are immunoreactive to β–amyloid and its precursor
protein, ubiquitin, and tau protein. Ultrastructurally, the filamentous inclusions measuring
15-20 nm in diameter are seen in both cytoplasm and nucleus with the presence of autophagic
vacuoles. Necrotic and regenerating fibers can be rarely seen in GNE myopathy [4, 43, 44, 49].

Figure 5. Pathologic findings in GNE myopathy. Rimmed vacuoles (arrows) are predominantly present in atrophic fi‐
bers. HE-hematoxylin and eosin; mGT-modified Gomori trichrome; Acid P-acid phoaphatase.

3.2. Molecular pathomechanism of GNE myopathy

GNE myopathy is caused by mutations in the gene encoding a key enzyme in sialic acid biosynthe‐
sis, UDP-N-acetylglucosamine 2-epimerase/N-acetylmannosamine kinase (GNE) [50]. Previ‐
ous studies have shown that predominant GNE mutations exist in certain populations, such as
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the V572L mutation in Japanese patients and the M712T mutation in Middle Eastern Jews [46,
50-52]. But it is now evident that GNE myopathy is not restricted to people of Japanese and Jewish
ancestry, but they are widely distributed throughout all ethnic groups [53-56]. Recent study
showed that homozygosity for V572L (the most common mutation in Japanese population)
resulted in more severe phenotypes with earlier symptom onset and faster disease progression,
implying the existence of genotype/phenotype correlation in GNE myopathy [48].

After the identification of GNE mutations, we found that GNE enzymatic activity measured in
vitro in cells transfected with mutated GNE constructs is decreased. And we demonstrated that
the levels of sialic acid in primary cultured cells from GNE myopathy patients are reduced and
can be corrected by the addition of free sialic acid [57]. But the mechanism how the hyposialyla‐
tion makes the pathognomonic pathologic change in skeletal muscle of GNE myopathy has still
remained unknown. To answer the question, we developed a model mouse for GNE myopathy.

4. Animal model: A Gne knock out mouse expressing human GNE D176V
mutation

Since the null mutation in GNE is known to be embryonically lethal [58], we adopted a different
strategy to generate Gne-/-hGNED176VTg, a mouse model for GNE myopathy [47, 59]. Our
model harbored a transgene of D176V mutated human GNE (one of the most prevalent
mutations among Japanese GNE myopathy patients) but is knocked-out of endogenous
GNE, resulted in that only mutated GNE proteins were highly expressed and the endogenous
one was disrupted. These mice exhibited marked hyposialylation in serum, muscle and other
organs and reproduced similar myopathic phenotypes seen in the skeletal muscles of human
GNE myopathy patients.

The muscle weakness, decreased whole muscle mass and reduced contractile power appeared
in an age-related manner [60]. After 20 weeks of age, the GNE myopathy mice started to show
physiologic muscle weakness, observed as impaired motor performance and reduced force
generation of the skeletal muscle. This reduction of the force might be attributed to muscle
atrophy, as specific twitch and tetanic forces per cross-section area are maintained at this age.
The reduction in gross size of the skeletal muscle is accompanied by an increase in the number
of small angular fibers. After 30 weeks of age, specific force generation in the gastrocnemius
and tibialis anterior muscles was notably reduced, while myofiber size variation became more
remarkable. Intracellular deposition of amyloid and other various proteins was appreciated
in the gastrocnemius muscle at this age. After 40 weeks, the muscle force generation worsened,
as reflected by increased twitch/tetanic ratio, which might be due to the appearance of the
characteristic RV and accumulation of autophagic vacuoles [61]. With these results, the GNE-/-

hGNED176VTg mouse is the only existing pathogenic model for GNE myopathy up to date.

Muscle pathology of GNE myopathy mice reveals RVs after 40 weeks of age (Figure 6). Intense
acid phosphatase staining and expression of lysosomal-associated membrane proteins
(LAMPs) and LC3 imply that autophagic process is activated in skeletal muscles of the model
mice [47]. Inclusion bodies are also appreciated with expression of various protein markers.
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GNE, resulted in that only mutated GNE proteins were highly expressed and the endogenous
one was disrupted. These mice exhibited marked hyposialylation in serum, muscle and other
organs and reproduced similar myopathic phenotypes seen in the skeletal muscles of human
GNE myopathy patients.

The muscle weakness, decreased whole muscle mass and reduced contractile power appeared
in an age-related manner [60]. After 20 weeks of age, the GNE myopathy mice started to show
physiologic muscle weakness, observed as impaired motor performance and reduced force
generation of the skeletal muscle. This reduction of the force might be attributed to muscle
atrophy, as specific twitch and tetanic forces per cross-section area are maintained at this age.
The reduction in gross size of the skeletal muscle is accompanied by an increase in the number
of small angular fibers. After 30 weeks of age, specific force generation in the gastrocnemius
and tibialis anterior muscles was notably reduced, while myofiber size variation became more
remarkable. Intracellular deposition of amyloid and other various proteins was appreciated
in the gastrocnemius muscle at this age. After 40 weeks, the muscle force generation worsened,
as reflected by increased twitch/tetanic ratio, which might be due to the appearance of the
characteristic RV and accumulation of autophagic vacuoles [61]. With these results, the GNE-/-
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Figure 6. Pathologic findings in the GNE myopathy model mouse. (A) Hematoxylin and eosin sections showing fibers
with RVs and cytoplasmic inclusions. (B) modified Gomori trichrome; (C) Acid phosphatase; (D) Congo red. Immunor‐
eactivity to lysosomal proteins confirm the presence of autophagy in fibers with RVs. (E) LAMP-1; (F) LAMP-2; (G) LC3.
Intracellular deposition of amyloid is seen in vacuolated or nonvacuolated fibers. (H) BACE2; (I) AβPP; (J) β-amyloid
1-42; (K) β -amyloid 1-40; (L) β -amyloid oligomeric. Neurofilament deposition is observed in the myofibers. (M) SM-31;
(N) SM-310. (O) phosphorylated tau; (P) ubiquitin; (Q) Grp94. Sarcolemmal proteins are deposited within the vicinity
of RVs. (R) α-dystroglycan (S) β-dystroglycan (T) α-sarcoglycan. Bar-20μm. (Reproduced from [47])
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4.1. Autophagy in a mouse model of GNE myopathy

The characteristic RVs are observed after 40 weeks in the GNE myopathy model mouse. Like
human muscle pathologic findings, these vacuoles have high acid phosphatase activity and
strongly stained by various lysosomal antibodies (Figure 6) [47]. Ultrastructurally, the RVs
contain multi-lamellar bodies, electron-dense bodies, and heterogeneous cytoplasmic debris
which are surrounded by double membranes, indicating these are autophagic vacuoles (Figure
7). In the near areas, several vacuoles have a single limiting membrane and some cellular debris
have no membrane, indicating degradated or ruptured vacuoles. Interestingly, filamentous or
granular deposits considered as amyloid often appear with the autophagic vacuoles. And these
probable amyloid deposits are also observed in the normal areas, which may suggest that the
deposition of protein precede the accumulation of autophagic vacuoles [61].

Figure 7. Electron microscopy findings in the GNE myopathy mouse model. Various cellular debris are enclosed by na‐
cent (arrows) and degenerative (double arrows) autophagic vacuoles. Large osmiophilic doposits (asterisk) can be also
seen. Dense ovoid bodies (double asterisk) are seen with autophagic vacuoles (double arrowheads) suggesting that
these deposits predate RVs formation. Bars-1μm. (Reproduced from [61])

5. Prophylactic treatment with sialic acid metabolites in the GNE myopathy
model mice

A possibility of the development of therapy for GNE myopathy was demonstrated in our
model mice. As the addition of sialic acid metabolites has been shown to recover overall
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hyposialylation in cells [57], we have challenged in administering sialic acid compounds in
vivo. We administered 2-epimerase/N-acetylmannosamine (ManNAc) to the GNE myopathy
model mice from the preclinical age (5~6 weeks) continuously until the mice reached the age
when all myopathic symptoms appear (54~57 weeks). ManNAc was added to drinking water
and given in three doses: 20mg (low dose), 200mg (medium dose), and 2000mg (high
dose)/kg body weight of mice in a day. During the treatment period, survival rate was
remarkably improved as compared with control-treated mice at all three doses (Figure 8). At
the end of the treatment, the phenotypes of the mice were evaluated and compared with
placebo group and non-affected littermates. At all doses, motor performance and physiological
contractile properties of skeletal muscles were remarkably improved. Sialic acid levels in the
blood and tissues were elevated, and more importantly, the levels of sialic acid in the muscle
were recovered to an almost normal level after treatment, providing evidence that prophylactic
oral administration of ManNAc to the the model mice was notably effective. Then we also
examined the effect of oral N-acetylneuraminic acid (NeuAc) and sialyllactose together with
minimum dose of ManNAc (20 mg/kg bodyweight/day) on GNE myopathy mice starting at
the preclinical age of 10~20 weeks. Treatment was also continued up to 54~57 weeks of age
and similar beneficial effects on motor performance and force generation of skeletal muscles
were obtained [62].

Figure 8. Favorable effects of sialic acid metabolites administration in GNE myopathy model mice. Survival curves (left
upper), treadmill performance test (right upper), and contractile properties of specific isometric force (Pt/CSA; left low‐
er) and specific tetanic force (P0/CSA; right lower). (Reproduced from [62])

Sialic acid metabolites administration also led to a marked change in the muscle pathology of
GNE myopathy mice (Figure 9) [62]. Although all mice in the control-treated group showed
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RVs in the gastrocnemius muscles, only a few in the treatment groups showed RVs. As RVs
are autophagic in nature, we checked for acid phosphatase staining and found decreased
staining. The expression of LC3 and Lamp2, which are markers for autophagosomal structures,
were not observed in the muscle sections of ManNAc treated mice, except for one mouse that
had few RVs in the muscle. The amounts of LC3-I and LC3-II, used as an index to analyze
autophagic induction in tissues, were lower after treatment. Treatment also increased muscle
cross-sectional area (CSA) and diminished congophilic, amyloid-positive and tau-positive
inclusions.

Figure 9. Pathologic improvement after treatment with sialic acid metabolites in GNE myopathy model mice. (Repro‐
duced from [62])

Our successful prophylactic treatment results on the model mice supports the current concept
that hyposialylation is one of main factors contributing the pathogenesis of GNE myopathy.
This concept suggests that GNE myopathy is a potentially treatable disease and A phase I
clinical trial for human patients using oral sialic acid therapy is recently underway in Japan.

6. Future issue 1 — Hypothesized pathway from hyposialylation to RVs
formation

Although it has been already demonstrated that hyposialylation is a key factor in the patho‐
mechanism of GNE myopathy and sialic acid metabolites administration can prevent the
development of myopathic phenotype in GNE myopathy model mouse, there still remains an
unexplained link between hyposialylation due to GNE mutations and the pathognomonic
findings in the muscle. However, since the the model mice exhibit hyposialylation and
intracellular amyloid deposition before the characteristic RVs appear, we can appreciate that
the dysfunctional autophagy is a downstream phenomenon to hyposialylation and amyloid
deposition in GNE myopathy.

In normal macroautophgy process, cytoplasm and organelles are enclosed by an isolated
membrane (phagophore) to form an autophagosome. The outer membrane of the autophago‐
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mechanism of GNE myopathy and sialic acid metabolites administration can prevent the
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some fuses with the lysosome, and the internal material is degraded in the Autolysosome [63].
However, in hyposialylated condition, the autophagy does not progress normally. As hypo‐
sialylation can lead to abnormal protein configuration or misfolding, an excessive amount of
misfolded glycoproteins which were not degraded in the ER may cause abnormal autophagy
in GNE myopathy (Figure 10). Hyposialylation may also lead to abnormal protein processing
which can induce abnormal protein deposits in cytoplasm. In addition, there are several reports
that suggested oxidative stress is involved in the upstream pathways to amyloid deposition
and/or RVs formation. One previous report showed that autophagic vacuoles were associated
to be a site of amyloidogenic amyloid precursor protein processing and intra-lysosomal
amyloid-β accumulation was induced by oxidative stress [64]. And another report demon‐
strated that reactive oxygen species may contribute to the formation of autophagosomes [65].
An experimental result implying a biologic function of sialic acid as an oxygen radical
scavenger suggests hyposialylation can directly contribute to the increase of oxidative stress
and support the above concept [66].

Figure 10. Hypothesized mechanism of dysfunctional autophagy in GNE myopathy.

7. Future issue 2 — The common molecular processes underlying
autophagic vacuoles formation in rimmed vacuolar myopathies

Regarding the pathomechanism of rimmed vacuolar myopathies, it is interesting to figure out
how various kinds of myopathies from different etiologies can share the similar pathology and
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undergo similar pathogenic process. One of the most impressive finding is that the accumu‐
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accumulation of conformationally modified proteins plays a primary pathologic role in these
disorders. However, up-regulation of autophagy alone may not be enough to form RVs if the
pathways are operating properly. The primary role of autophagy is to protect cells under stress
conditions and it is widely accepted that in most of neurodegenerative diseases, activation of
autophagic process is an adaptive response against disease-related stress conditions. The fact
that not all myofibrillar myopathy muscles show RVs suggests that the other pathways are
necessary to complete RV formation.

Dysfunctional autophagy is another important common feature in rimmed vacuolar myopa‐
thies. It was already demonstrated that autophagy is impaired in sIBM, IBMPFD, GNE
myopathy, and Marinesco-Sjögren syndrome [26, 37, 40, 61]. Regardless of upstream process,
autophagosomes are proliferated and enlarged with lysosomal dysfunction and macroau‐
tophagy disregulation, and it might be contribute or worsen the abnormal accumulation of
various proteins such as amyloids, p-tau, α-synuclein, and p62. This two major common
process, up-regulated and dysfunctional autophagy, possibly develop characteristic RVs in
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some fuses with the lysosome, and the internal material is degraded in the Autolysosome [63].
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amyloid-β accumulation was induced by oxidative stress [64]. And another report demon‐
strated that reactive oxygen species may contribute to the formation of autophagosomes [65].
An experimental result implying a biologic function of sialic acid as an oxygen radical
scavenger suggests hyposialylation can directly contribute to the increase of oxidative stress
and support the above concept [66].
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that prophylactic treatment with sialic acid metabolites prevents the myopathic phenotype
and substantially reduced the number of RVs in the GNE myopathy mice. Since rimmed
vacuolar myopathies have revealed to share common pathways regarding the autophagic
vacuoles formation irrespective of heterogeneous clinical phenotype and etiology, our
experimental achievement can broaden the general understanding on the common pathome‐
chanism of AVMs.
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1. Introduction

Autophagy is a cellular process that involves lysosomal degradation and recycling of intracellu‐
lar organelles and proteins to maintain energy homeostasis during times of cellular stress [1]. It
also serves to remove damaged cellular components such as mitochondria and long-lived
proteins. Autophagy is catabolic mechanism and although hepatic autophagy performs the
standard functions of degrading damaged organelles/aggregated proteins and regulating cell
death it also regulates lipid accumulation within the liver. Autophagy can be divided into three
distinct sub-groups that are discussed below. This chapter focuses upon the role of autophagy
in a variety of liver diseases including hepatocellular carcinoma (HCC) and viral hepatitis. The
increased understanding of the cellular machinery regulating autophagy within the liver may
foster the development of therapeutic strategies that will ultimately help treat liver disease.

As stated above autophagy involves lysosomal-dependent degradation of long-lived proteins
and cellular organelles [2]. In rodent models of nutrient starvation autophagy was responsible
for degradation of 35% of total liver protein within 24 hours [3] illustrating the role of autoph‐
agy in liver homeostasis and energy conservation. Conversely inhibition of autophagy in
hepatocytes led to a 4-fold increase in liver mass because of failure to degrade a variety of
cellular components [4]. Therefore autophagy plays an important role maintaining liver
function under basal conditions but may also be manipulated by pathological processes to
cause liver disease. The precise role of autophagy within the liver is detailed below. This
chapter is not exhaustive with regard to the role of autophagy in liver disease but draws upon
the current understanding of autophagy role in selected liver diseases.

2. Autophagic pathways

Three distinct types of autophagy have been described in eukaryotic cells; macroautophagy
(referred to hereafter as autophagy), chaperone-mediated autophagy (CMA), and microau‐
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tophagy [5]. In autophagy, a portion of cytosol is engulfed by a double-membrane structure,
termed an autophagosome, that fuses with a lysosome whose enzymes degrade the cellular
constituents sequestered in the autophagosome [6]. The regulation of this process is highly
complex and controlled by the co-ordinated actions of the evolutionarily conserved autopha‐
gy-related genes (Atgs). Over 32 Atg genes have been identified in yeast and humans [7, 8].
The source of the double membrane is controversial, but it might be derived from the endo‐
plasmic reticulum (ER), mitochondria, or plasma membrane [9]. The double membrane of the
autophagosome is formed and elongated by as yet unclear mechanisms, but a number of multi-
protein complexes are known to mediate these processes [10]. CMA allows the direct lysosomal
import of unfolded, soluble proteins that contain a particular pentapeptide motif. In the third
form a autophagy, microautophagy, cytoplasmic material is directly engulfed into the
lysosome at the surface of the lysosme by membrane rearrangement. Despite being three
separate mechanisms each type of autophagy involves engulfment of a part of the cytosol and
lysosomal dependent degradation within a double membrane. Each of these three autophagic
processes is discussed below.

2.1. Autophagy (Macroautophagy)

32 Atg genes have been identified thus far that regulate autophagy of which 16 Atg genes are
required for all types of autophagy [11]. The major cellular pathways regulating autophagy
aside for the Atg proteins include the inhibitory mammalian target of rapamycin (mTOR) and
class III phosphatidylinositol 3-kinase (PI3K). Thus the Atg proteins, PI3K and mTOR path‐
ways all co-ordinate a highly complex cellular signaling pathways to regulate autophagy [8].

The formation of the autophagosome can be divided in to several steps. The description the
follow is a simplified pathway and in reality the process is likely to be much more complex.
The autophagy process is induced by the ULK1 kinase complex [12] and later class III PI3K
complex is involved in vesicle nucleation [13]. This is followed by membrane expansion that
involves various Atg proteins including the Atg2-Atg18 complex, Atg12-Atg5-Atg16 conju‐
gation system and Atg8-phosphatidylethanolamine (Atg8-PE) conjugation system [14]. The
precise role of each molecular regulator is beyond the scope of this chapter although the process
is discussed in detail below. The reader is referred to recent excellent reviews for more detailed
reviews of the whole process [8, 10, 15].

In general, the Atg1–Atg13–Atg17 complex recruits and organizes other proteins for the
developing autophagosome [16]. Activation of the Atg1–Atg13–Atg17 complex leads to
organization of the Atg6/beclin-1–Vps34 complex on the lipid membrane [12]. Vps34 produces
phosphatidylinositol 3-phosphate, which can recruit other proteins to the complex [17]. Vps34
is the target of the widely used pharmacologic inhibitor of autophagy 3-methyladenine (3-MA)
[18, 19]. Importantly, beclin-1 is an important interface between the autophagic and cell death
pathways, because the anti-apoptotic proteins Bcl-2 and Bcl-XL bind beclin-1 to inhibit
autophagy [20]. The regulation of this interaction is complex but includes its disruption by c-
Jun N-terminal kinase 1–mediated phosphorylation of Bcl-2 [21].

Following the above, autophagosome formation and elongation involves 2 ubiquitin-like
conjugation processes that generate membrane-bound protein complexes. In the first, Atg7
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and Atg10 mediate the conjugation of Atg12 to Atg5 [22], which subsequently interact with
Atg16 [23]. The Atg12–Atg5 complex associates with the membrane and then dissociates upon
completion of the autophagosome. The second critical conjugation reaction involves Atg8 or
microtubule-associated protein 1 light chain 3 (LC3). LC3 is constitutively cleaved by Atg4 to
produce LC3-I. With a signal to induce autophagy, Atg7 and Atg3 mediate the conjugation of
LC3-I to the membrane lipid PE to form LC3-II [24]. LC3-II associates with the autophagosomal
membrane, where the lipidated protein can mediate membrane elongation and closure. LC3-
II is degraded late in the autophagic pathway, after autophagosome fusion with a lysosome
[25]. The formation of these autophagic vacuoles can be detected experimentally by labeling
cells with the specific autophagic marker monodansylcadaverine (MDC).

Once formed, autophagosomes traffic along microtubules by a dynein-dependent mechanism
to reach perinuclear lysosomes located near the microtubule-organising center. Another
method to monitor the induction of autophagy is therefore to detect perinuclear, LC3-positive
aggregates by immunofluorescence. Before they fuse with lysosomes, autophagosomes can
fuse with early and late endosomes to form an amphisome. This process allows for a point of
convergence between the pathways of autophagy and endocytosis [10]. Autophagosomes dock
and fuse to form an autophagolysosome or autolysosome by a process that has not been well
defined in mammalian cells. The term “autophagic vacuole” has been used for autophago‐
somes, amphisomes, and autolysosomes, which can be indistinguishable experimentally. In
yeast, fusion is mediated by soluble N-ethylmaleimide–sensitive factor attachment protein
receptors [26]. Whereas in mouse hepatocytes the soluble N-ethylmaleimide–sensitive factor
attachment protein receptor protein vti1b mediates autophagosome-endosome fusion [27].
Other factors that regulate autophagosome fusion include the guanosine triphosphate binding
protein Rab7 [28]. Autophagosome-lysosome fusion allows mixing of their contents and
degradation of the cargo of the autophagosome by lysosomal acid hydrolases, which include
proteases, nucleases, lipases, glycosidases, and phosphatases. The degraded products are then
transported back to the cytosol for recycling. Constitutive levels of autophagy are required for
cell survival and function in most organs, including the liver. Autophagy therefore has vital
cellular functions even when not activated. The overall process of autophagy is summarised
in Figure 1.

The formation of autophagy is commenced by ULK1 kinase complex. This process can be
inhibited by mTOR. The process of membrane development involves beclin-1 a process that
can be inhibited by Bcl2. Following this various Atg conjugation systems are involved in
membrane elongation before the double membrane autophagic vacuoles fuse with the
lysosome to form the autophagolysome and degrade the autophagic vacuole cargo for
recycling.

2.2. Chaperone Mediated Autophagy (CMA)

In CMA, soluble proteins with a specific pentapeptide motif are recognised by the chaperone
protein Hsc70 for translocation to the lysosome, where binding to the lysosome-associated
membrane protein type 2A (LAMP-2A) receptor leads to protein internalization and degra‐
dation [29]. Similar to autophagy, CMA is constitutively active and increases with cellular
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The formation of autophagy is commenced by ULK1 kinase complex. This process can be
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2.2. Chaperone Mediated Autophagy (CMA)
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stresses. CMA function in the liver has not been well studied [30], although CMA has been
shown to mediate hepatocyte resistance to oxidant stress [31]. In addition few studies attempt
to distinguish between CMA and autophagy. However, although autophagy and CMA are
distinct pathways, they are likely to interact and a reduction in one pathway may lead to
activation of the other. This interaction can complicate interpretation of the effects of inhibiting
either one [32]. It is likely that both autophagy and CMA serve similar purposes within the
cell.

2.3. Microautophagy

Microautophagy is a non-inducible, lysosomal internalisation of cellular constituents that
occurs by invagination of the lysosomal membrane. Much of the data concerning microau‐
tophagy has focused upon the role of microautophagy of the mitochondria termed mitophagy
[33]. Mitochondria are the central executioners for apoptosis and many times damaged
mitochondria trigger cell death. If damaged mitochondria are limited to a fraction of mito‐
chondria within the capacity of autophagic removal, cell death will be avoided. Nevertheless,

Figure 1. The Process of Autophagy.
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cells may eventually die if the number of damaged mitochondria is too overwhelming to be
removed by autophagy. Thus, autophagy may increase the threshold for the death stimuli.
Accumulating evidence demonstrates that pharmacologic or genetic inhibition of autophagy
greatly enhanced cell death [34]. The trafficking of mitochondria to lysosomal structures has
long been known to occur in liver, and the livers of mice with a conditional knockout of Atg7
develop massive hepatomegaly marked by the accumulation of deformed mitochondria [4].
The process of lysosomal removal of mitochondria by autophagy was first characterized in
hepatocyte models by Lemasters et al [2]. Before removal of dysfunctional mitochondria,
mitochondria undergo the mitochondrial permeability transition (MPT), in which inner
mitochondrial membrane pores open, leading to adenosine triphosphate (ATP) depletion from
the uncoupling of oxidative phosphorylation and outer membrane rupture with release of pro-
apoptotic factors. The MPT induces mitophagy, because the MPT inhibitor cyclosporine blocks
this process. Indeed after liver injury LC3-positive structures appear in hepatocytes in the area
of injury [2]. These findings indicate that a mechanism exists for the selective targeting of MPT-
damaged mitochondria for autophagic degradation. Recent studies in non-hepatic cells have
implicated Atg32 [35], the Bcl-2 family member Nix [36], and the ubiquitin ligase Parkin [37]
in this process, but further studies are required to determine whether these proteins mediate
selective mitophagy in hepatocytes.

Mitochondrial damage that induces the MPT leads to death of hepatocytes [38], and these
findings provide a mechanism by which insufficient or impaired microautophagy can promote
hepatocyte cell death. These processes may become even more prominent during ischaemia
and hypoxia that is often encountered during liver disease. Selective mitophagy might be a
mechanism to protect against hepatocyte death, because removal of mitochondria that have
undergone the MPT could prevent mitochondrial oxidative stress, ATP depletion, or the
release of pro-apoptotic factors. The contribution of mitophagy to the response of the hepato‐
cyte to various death stimuli needs to be more carefully examined.

Aside from mitophagy, microautophagy can also selectively occur in the endoplasmic
reticulum [39] and perixosomes [40]. These latter two processes will not be discussed further
in this chapter.

3. Autophagy in liver diseases

As one of the most metabolically active organs, the liver plays a central role in regulating the
overall organisms energy balance by controlling carbohydrate and lipid metabolism. The liver
functions as a major buffering system to maintain the homeostasis of macro- and micronu‐
trients to allow other tissues to function normally under physiological stress. Liver-targeted
autophagy deficiency results in accumulation of protein aggregates, damaged mitochondria,
steatosis and liver injury. These findings support a pro-survival and cyto-protective role of
autophagy in maintaining protein, lipid and organelle quality control by eliminating damaged
proteins and organelles as well as excessive lipid droplets in the liver during stress. In addition,
accumulating evidence now indicates that autophagy is also involved in hepatocyte cell death,
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damaged mitochondria for autophagic degradation. Recent studies in non-hepatic cells have
implicated Atg32 [35], the Bcl-2 family member Nix [36], and the ubiquitin ligase Parkin [37]
in this process, but further studies are required to determine whether these proteins mediate
selective mitophagy in hepatocytes.

Mitochondrial damage that induces the MPT leads to death of hepatocytes [38], and these
findings provide a mechanism by which insufficient or impaired microautophagy can promote
hepatocyte cell death. These processes may become even more prominent during ischaemia
and hypoxia that is often encountered during liver disease. Selective mitophagy might be a
mechanism to protect against hepatocyte death, because removal of mitochondria that have
undergone the MPT could prevent mitochondrial oxidative stress, ATP depletion, or the
release of pro-apoptotic factors. The contribution of mitophagy to the response of the hepato‐
cyte to various death stimuli needs to be more carefully examined.

Aside from mitophagy, microautophagy can also selectively occur in the endoplasmic
reticulum [39] and perixosomes [40]. These latter two processes will not be discussed further
in this chapter.

3. Autophagy in liver diseases

As one of the most metabolically active organs, the liver plays a central role in regulating the
overall organisms energy balance by controlling carbohydrate and lipid metabolism. The liver
functions as a major buffering system to maintain the homeostasis of macro- and micronu‐
trients to allow other tissues to function normally under physiological stress. Liver-targeted
autophagy deficiency results in accumulation of protein aggregates, damaged mitochondria,
steatosis and liver injury. These findings support a pro-survival and cyto-protective role of
autophagy in maintaining protein, lipid and organelle quality control by eliminating damaged
proteins and organelles as well as excessive lipid droplets in the liver during stress. In addition,
accumulating evidence now indicates that autophagy is also involved in hepatocyte cell death,
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steatohepatitis, hepatitis virus infection and HCC. The role of autophagy in a variety of liver
diseases is discussed below.

3.1. Autophagy and liver Ischaemia Reperfusion Injury (IRI)

Liver IRI occurs during many clinical scenarios within the liver. It involves a period of oxygen
and nutrient deprivation due to the lack of blood (ischaemia) followed by the re-introduction
of blood to the liver (reperfusion). IRI is well known to have detrimental effects upon the liver
and can induce considerable liver injury [41]. IRI is an obligatory part of liver transplantation
but also occurs as part of the clinical scenario involved in haemorrhagic shock, abdominal
trauma and liver resectional surgery. The ischaemia associated with these processes induces
the formation of reactive oxygen species (ROS) that can mediate liver parenchymal injury [41,
42]. The main cellular target for the IRI is the hepatocyte. The restoration of blood flow although
of undoubted benefit to the liver can perpetuate the accumulation of ROS and further accen‐
tuate liver damage [42, 43]. The precise role of autophagy within the context of oxidative stress
within the liver remains controversial unlike the roles of apoptosis and necrosis that have
firmly established as detrimental [43]. Recent evidence suggests that autophagy is primarily
a cyto-protective mechanism during liver IRI in vitro at least [19].

A variety of experimental approaches have been used to assess the role of autophagy within
the liver during IRI. In vitro studies have shown that hepatocytes up-regulate autophagy in a
ROS-PI3K-Atg protein dependent manner to protect against primarily apoptotic cell death
principally by inducing mitophagy [19]. It must be stressed however that these isolated studies
have focused only upon autophagy within hepatocytes and the role of autophagy in cholan‐
giocytes, endothelial cell and hepatic stellate cells remains to be established. These observa‐
tions have also been extended to suggest that autophagy also limits necrotic cell death during
ischaemia [44]. Various cellular pathways have been shown to be important in autophagy
mediated hepato-protection during ischaemia including calcium-calmodulin dependent
protein kinase IV [45], PI3K [19] and AMPK [46]. The emerging consensus in vitro appears to
be that autophagy is a cyto-protective mechanism although this remains contentious [47].

In vivo autophagy appears to protect the liver against ischaemia and oxidative stress [47, 48]
although studies report both increase and decrease in autophagy after liver ischaemia [49-51].
These observations are likely to reflect the method used to assess autophagy in liver tissue.
For instance an increase in Atg protein levels does not necessarily equate to autophagy
induction.

Very few studies have assessed the effect of autophagy in human livers. Domart et al study
does provide some data as to the role of autophagy in patients undergoing liver surgery [52].
In this study the surgical technique of ischaemic preconditioning (IPC) was used to assess
whether it was hepatoprotective. IPC involves short periods of total liver ischaemia followed
by reperfusion with the premise being that this increases the resistance of the liver to oxidative
stress. In this study, two liver biopsies were taken, one prior to ischemia required by liver
resection and another after liver reperfusion. Although overall the study did not show any
overall benefit from IPC a subgroup of patients who underwent IPC for 10 minutes followed
by 10 minutes of reperfusion before the prolonged ischemia required by liver resection showed
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a significant increase in liver cell autophagy [52]. This suggests that in this context, autophagy
enhancement could allow for decreasing liver cell death.

Studies assessing autophagy during and after liver transplantation give contradictory results
[44, 53, 54]. The explanation for such discrepancies may be the solution for cold preservation
used. Indeed, a decrease in autophagy was observed in a study using a histidine–tryptophan–
ketoglutarate cold-storage solution for 24 h cold preservation, while the contrary was reported
when using the University of Wisconsin (UW) cold-storage solution. Importantly, UW cold
storage solution does not contain amino acids. It is well demonstrated that amino acid
depletion rapidly induces autophagy [55] and that anoxia decreases autophagy protein level.
This induction of autophagy due to the absence of amino acids, may explain not only the
apparent discrepancy between these studies but also the protection of the liver obtained with
preservation solution such as the UW solution. Indeed, hypoxia/reoxygenation induces
mitochondrial dysfunction [42]. Due to the decrease in autophagy proteins induced by anoxia/
reoxygenation, autophagy fails to remove dysfunctional mitochondria, so that the mitochon‐
dria laden with ROS and calcium undergo the MPT, which in turn leads to uncoupling of
oxidative phosphorylation, energetic failure, ATP depletion, and ultimately cell death. In case
of associated nutrient depletion, autophagy is enhanced and facilitates autophagy of damaged
mitochondria, leading to cell survival. This hypothesis is supported by the beneficial effect on
liver tolerance to IRI of several strategies aiming at increasing autophagy in murine models
[48, 49, 56]. It is striking to notice that many of the studies that suggest that inhibiting autophagy
could ameliorate liver tolerance to ischemia used non-specific inhibitors of autophagy known
to also have autophagy independent activities. This demands the development of specific
autophagy inhibitors that will allow the dissection of autophagic pathways.

The role of autophagy in liver repair and regeneration will not be considered in this chapter
but autophagy level decreases following partial hepatectomy suggesting a shift from the
physiological steady state between anabolism and catabolism to the positive balance which is
required for the compensatory growth of the liver after partial hepatectomy [57]. Finally no
studies have yet specifically evaluated the autophagic pathway in liver sinusoidal endothelial
cells or cholangiocytes. This is a limitation in understanding the effect of autophagy in liver
IRI since these cells are also sensitive to ischemia and lesions to these cells are a key event in
this context.

3.2. Autophagy and Alcoholic Liver Disease (ALD)

At the cellular level chronic alcohol abuse can result in mitochondrial damage, inhibition of
insulin signaling, steatosis, apoptotic and necrotic cell death, all of which can be regulated by
autophagy. Indeed, ethanol exposure is known to induces autophagy in primary cultured
mouse hepatocytes [58] and in hepatoma cells expressing alcohol dehydrogenase (ADH) and
cytochrome P450 2E1 (Cyp2E1) [59]. Indeed ethanol treated hepatocytes demonstrate in‐
creased autophagosome number when compared to controls as assessed by electron micro‐
scopy and suppression of autophagy exacerbates alcohol-induced liver injury [58]. In ALD cell
death may still occur in the presence of cyto-protective autophagy as in alcoholic patients have
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within the liver remains controversial unlike the roles of apoptosis and necrosis that have
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a cyto-protective mechanism during liver IRI in vitro at least [19].

A variety of experimental approaches have been used to assess the role of autophagy within
the liver during IRI. In vitro studies have shown that hepatocytes up-regulate autophagy in a
ROS-PI3K-Atg protein dependent manner to protect against primarily apoptotic cell death
principally by inducing mitophagy [19]. It must be stressed however that these isolated studies
have focused only upon autophagy within hepatocytes and the role of autophagy in cholan‐
giocytes, endothelial cell and hepatic stellate cells remains to be established. These observa‐
tions have also been extended to suggest that autophagy also limits necrotic cell death during
ischaemia [44]. Various cellular pathways have been shown to be important in autophagy
mediated hepato-protection during ischaemia including calcium-calmodulin dependent
protein kinase IV [45], PI3K [19] and AMPK [46]. The emerging consensus in vitro appears to
be that autophagy is a cyto-protective mechanism although this remains contentious [47].

In vivo autophagy appears to protect the liver against ischaemia and oxidative stress [47, 48]
although studies report both increase and decrease in autophagy after liver ischaemia [49-51].
These observations are likely to reflect the method used to assess autophagy in liver tissue.
For instance an increase in Atg protein levels does not necessarily equate to autophagy
induction.

Very few studies have assessed the effect of autophagy in human livers. Domart et al study
does provide some data as to the role of autophagy in patients undergoing liver surgery [52].
In this study the surgical technique of ischaemic preconditioning (IPC) was used to assess
whether it was hepatoprotective. IPC involves short periods of total liver ischaemia followed
by reperfusion with the premise being that this increases the resistance of the liver to oxidative
stress. In this study, two liver biopsies were taken, one prior to ischemia required by liver
resection and another after liver reperfusion. Although overall the study did not show any
overall benefit from IPC a subgroup of patients who underwent IPC for 10 minutes followed
by 10 minutes of reperfusion before the prolonged ischemia required by liver resection showed
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[44, 53, 54]. The explanation for such discrepancies may be the solution for cold preservation
used. Indeed, a decrease in autophagy was observed in a study using a histidine–tryptophan–
ketoglutarate cold-storage solution for 24 h cold preservation, while the contrary was reported
when using the University of Wisconsin (UW) cold-storage solution. Importantly, UW cold
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depletion rapidly induces autophagy [55] and that anoxia decreases autophagy protein level.
This induction of autophagy due to the absence of amino acids, may explain not only the
apparent discrepancy between these studies but also the protection of the liver obtained with
preservation solution such as the UW solution. Indeed, hypoxia/reoxygenation induces
mitochondrial dysfunction [42]. Due to the decrease in autophagy proteins induced by anoxia/
reoxygenation, autophagy fails to remove dysfunctional mitochondria, so that the mitochon‐
dria laden with ROS and calcium undergo the MPT, which in turn leads to uncoupling of
oxidative phosphorylation, energetic failure, ATP depletion, and ultimately cell death. In case
of associated nutrient depletion, autophagy is enhanced and facilitates autophagy of damaged
mitochondria, leading to cell survival. This hypothesis is supported by the beneficial effect on
liver tolerance to IRI of several strategies aiming at increasing autophagy in murine models
[48, 49, 56]. It is striking to notice that many of the studies that suggest that inhibiting autophagy
could ameliorate liver tolerance to ischemia used non-specific inhibitors of autophagy known
to also have autophagy independent activities. This demands the development of specific
autophagy inhibitors that will allow the dissection of autophagic pathways.

The role of autophagy in liver repair and regeneration will not be considered in this chapter
but autophagy level decreases following partial hepatectomy suggesting a shift from the
physiological steady state between anabolism and catabolism to the positive balance which is
required for the compensatory growth of the liver after partial hepatectomy [57]. Finally no
studies have yet specifically evaluated the autophagic pathway in liver sinusoidal endothelial
cells or cholangiocytes. This is a limitation in understanding the effect of autophagy in liver
IRI since these cells are also sensitive to ischemia and lesions to these cells are a key event in
this context.

3.2. Autophagy and Alcoholic Liver Disease (ALD)

At the cellular level chronic alcohol abuse can result in mitochondrial damage, inhibition of
insulin signaling, steatosis, apoptotic and necrotic cell death, all of which can be regulated by
autophagy. Indeed, ethanol exposure is known to induces autophagy in primary cultured
mouse hepatocytes [58] and in hepatoma cells expressing alcohol dehydrogenase (ADH) and
cytochrome P450 2E1 (Cyp2E1) [59]. Indeed ethanol treated hepatocytes demonstrate in‐
creased autophagosome number when compared to controls as assessed by electron micro‐
scopy and suppression of autophagy exacerbates alcohol-induced liver injury [58]. In ALD cell
death may still occur in the presence of cyto-protective autophagy as in alcoholic patients have
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other pathophysiological conditions such as diabetes, hyperinsulinemia, obesity and hepatitis
C virus (HCV) that impair autophagy.

The majority of ethanol is metabolized in the liver and individuals who abuse alcohol by
routinely drinking 50-60 g of ethanol per day are at risk for developing ALD [60]. ALD can
ultimately progress to HCC. The pathogenesis of liver disease from alcohol abuse comes from
the interaction of several factors, including the generation of oxidants and reactive metabolites
from ethanol oxidation, which, in turn, causes other metabolic derangements [61]. Chronic
alcohol consumption leads to liver steatosis and protein accumulation within the liver [62].
Furthermore chronic ethanol consumption slows down the catabolism of long-lived proteins
in rodent livers [63] with reduction in the number of autophagosomes in hepatocytes [64]. This
protein accumulation contributes to the formation of Mallory Denk (M-D) bodies in liver cells
the hallmark of ALD [65]. Moreover recent evidence indicates that autophagy can degrade
these insoluble complexes such as M-D bodies but clearance is hampered by an ethanol-elicited
suppression of autophagy.

Several mechanisms have been suggested to contribute to ethanol-induced autophagy within
the liver, including ROS production, ethanol metabolism and the suppression of mTOR
although the precise mechanisms remain the subject of controversy. Oxidants such as ROS
derived from ethanol metabolites such as acetaldehyde and malondialdehyde-acetaldehyde
may impair autophagy [66]. Furthermore ethanol-induced ROS production can induce the
expression of cytochrome Cyp2E1 and damage mitochondria [59]. ROS can also activate
autophagy by the inactivation of Atg4B [67]. However, whether ethanol-induced ROS also
inactivate Atg4B to promote autophagy in hepatocytes remains unknown. It is important that
ROS may regulate the activity of many Atg proteins.

Chronic ethanol exposure may induce lysosomal fragility in an analogous manner to iron-
induced oxidative stress [68]. Furthermore It is worth noting that lysosomes seem to exhibit
differential sensitivity to ethanol levels in the serum [69] but even low levels of serum ethanol
appear to be impair autophagy [70]. Ethanol-induced suppression of autophagy may result
from alterations in hepatic amino acid pool sizes, especially those of leucine, which have been
deemed regulatory amino acids and suppressors of autophagy. L-leucine is a potent autopha‐
gic suppressor reducing autophagy in chronic ethanol administration in rats when compared
to control [71]. Thus, the association of an ethanol-induced reduction in autophagy with higher
levels of intrahepatic leucine may partially explain autophagic suppression in the ethanol-fed
state. Leucine accumulation could reflect a reduced ability of the liver to synthesize proteins,
which indeed occurs in ethanol-fed animals [71].

Autophagic suppression by ethanol is well documented to disrupt protein trafficking in the
liver. As discussed above autophagy requires the action of cytoskeletal elements to aid
autophagosome formation and subsequent fusion with other vesicular bodies [72]. Disruption
of vesicular movement within the hepatocyte by ethanol treatment occurs by mechanisms that
are independent of the molecular motors, dyenin and kinesin, although there is evidence for
alterations in the protein, dynamin [73]. Trafficking of exogenous proteins into the hepatocyte
by endocytosis and the intracellular delivery of proteases to lysosomes are both inhibited by
ethanol consumption. Furthermore, the anti-secretory properties of ethanol in the liver are well
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documented. Studies with liver slices and cultured cells indicate that ethanol metabolism is
required for disruption of these protein trafficking events [74]. In vitro investigations also
revealed that acetaldehyde, the initial product of ethanol oxidation, inhibits the polymerization
of tubulin to form microtubules, indicating that the reactive metabolite may impair protein
trafficking by forming adducts with tubulin subunits, thereby blocking their polymerization
into microtubules [75].

Acute and chronic ethanol treatment also suppress Akt function in the liver, through the
upregulation of the PTEN (phosphatase and tensin homolog) phosphatase [76]. Suppression
of mTOR leads to the activation of the downstream ULK1 complex to trigger autophagy. It
remains to be seen whether alcohol can affect the ULK1 complex. In addition to mTOR, ethanol-
induced autophagy also requires the activation of beclin 1/VPS34 PI3K complex because 3MA,
a PI-3 kinase inhibitor, suppresses acute ethanol-induced autophagy. Furthermore, ethanol
has been shown to suppress proteasome activity, induce ER stress and activate JNK in
hepatocytes, and all of these mechanisms have been shown to induce autophagy in non-
hepatocyte models. Whether proteasome inhibition, ER stress and JNK activation play a role
in ethanol-induced autophagy in hepatocytes needs to be further studied.

In addition to the accumulation of potentially toxic proteins, ethanol also causes mitochondrial
damage [77, 78]. It is crucial that such damaged mitochondria be removed by mitophagy. While
there is no firm evidence of ethanol-elicited suppression of mitophagy, the detection of
increased numbers of damaged mitochondria in livers of ethanol-fed animals provides
circumstantial evidence of mitophagy inhibition. Autophagy protects against ethanol-induced
toxicity in livers of mice. Reagents that modify autophagy might be developed as therapeutics
for patients with ALD [58].

Finally it has been speculated that ethanol may inhibit autophagy because chronic ethanol
consumption reduces AMPK activity in the liver. However the role of AMPK in autophagy is
still controversial although AMPK agonists such as metformin significantly protect against
ethanol induced liver injury.

3.3. Autophagy and viral hepatitis

Besides the physiological function of autophagy in maintaining cellular homeostasis detailed
above, autophagy is a newly recognized facet of the innate and adaptive immune system.
Hepatotrophic viruses such as hepatitis C virus (HCV) and hepatitis B virus (HBV) have
developed strategies to subvert and manipulate autophagy for their own survival benefit
[79]. The role of HCV and HBV will be considered separately below.

3.3.1. HCV

Several studies have assessed the autophagic pathway in hepatocytes infected with HCV both
in vitro and in liver biopsies from chronic HCV patients [80]. Using various experimental
approaches including LC3, Atg5 or Beclin-1 immunoblotting, electron microscopy or GFP-LC3
immunofluorescence, studies consistently demonstrated an accumulation of autophagic
vacuoles in HCV-infected hepatocytes [81]. Importantly, other viruses such as vesicular
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gic suppressor reducing autophagy in chronic ethanol administration in rats when compared
to control [71]. Thus, the association of an ethanol-induced reduction in autophagy with higher
levels of intrahepatic leucine may partially explain autophagic suppression in the ethanol-fed
state. Leucine accumulation could reflect a reduced ability of the liver to synthesize proteins,
which indeed occurs in ethanol-fed animals [71].

Autophagic suppression by ethanol is well documented to disrupt protein trafficking in the
liver. As discussed above autophagy requires the action of cytoskeletal elements to aid
autophagosome formation and subsequent fusion with other vesicular bodies [72]. Disruption
of vesicular movement within the hepatocyte by ethanol treatment occurs by mechanisms that
are independent of the molecular motors, dyenin and kinesin, although there is evidence for
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documented. Studies with liver slices and cultured cells indicate that ethanol metabolism is
required for disruption of these protein trafficking events [74]. In vitro investigations also
revealed that acetaldehyde, the initial product of ethanol oxidation, inhibits the polymerization
of tubulin to form microtubules, indicating that the reactive metabolite may impair protein
trafficking by forming adducts with tubulin subunits, thereby blocking their polymerization
into microtubules [75].

Acute and chronic ethanol treatment also suppress Akt function in the liver, through the
upregulation of the PTEN (phosphatase and tensin homolog) phosphatase [76]. Suppression
of mTOR leads to the activation of the downstream ULK1 complex to trigger autophagy. It
remains to be seen whether alcohol can affect the ULK1 complex. In addition to mTOR, ethanol-
induced autophagy also requires the activation of beclin 1/VPS34 PI3K complex because 3MA,
a PI-3 kinase inhibitor, suppresses acute ethanol-induced autophagy. Furthermore, ethanol
has been shown to suppress proteasome activity, induce ER stress and activate JNK in
hepatocytes, and all of these mechanisms have been shown to induce autophagy in non-
hepatocyte models. Whether proteasome inhibition, ER stress and JNK activation play a role
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consumption reduces AMPK activity in the liver. However the role of AMPK in autophagy is
still controversial although AMPK agonists such as metformin significantly protect against
ethanol induced liver injury.

3.3. Autophagy and viral hepatitis

Besides the physiological function of autophagy in maintaining cellular homeostasis detailed
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developed strategies to subvert and manipulate autophagy for their own survival benefit
[79]. The role of HCV and HBV will be considered separately below.

3.3.1. HCV

Several studies have assessed the autophagic pathway in hepatocytes infected with HCV both
in vitro and in liver biopsies from chronic HCV patients [80]. Using various experimental
approaches including LC3, Atg5 or Beclin-1 immunoblotting, electron microscopy or GFP-LC3
immunofluorescence, studies consistently demonstrated an accumulation of autophagic
vacuoles in HCV-infected hepatocytes [81]. Importantly, other viruses such as vesicular
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stomatitis virus and mutant herpes simplex virus 1 can be captured and eliminated by the
autophagic pathway [82] but HCV has evolved to avoid and subvert autophagy using multiple
strategies [83]. HCV appears to avoid its recognition by the cellular autophagic machinery [84].
This is based upon studies showing no or rare co-localization of HCV proteins with autophagic
vacuoles.

HCV prevents the maturation of the autophagosome into an autolysosome [85]. For instance
in HCV infected hepatocytes there is an increase in the number of autophagic vacuole without
enhancement in autophagic protein degradation. Secondly, there is an absence of co-localiza‐
tion of lysosomes with autophagic vacuoles in HCV-infected cells in contrast to nutrient
starved cells. Thirdly, there is a reduction in the number of autophagic vacuoles following
HCV elimination and finally the absence of increase in the number of late autophagic vesicles
in hepatocytes from chronic HCV patients as compared to controls, while a strong augmen‐
tation in the number of autophagic vesicles is observed. This may be related to a lack of fusion
between autophagosome and lysosome.

HCV also utilizes functions or components of autophagy to enhance its intracellular replication
[86]. Indeed, it has been recently shown that autophagy proteins are required for translation
and/or delivery of incoming HCV RNA to the cell translation apparatus [87]. However,
autophagy proteins are not needed for the translation of progeny HCV once replication is
established since down-regulation of autophagy proteins 10 days after transduction had no
effect on HCV replication. Therefore it is suggested that by remodelling endoplasmic reticulum
membranes, the autophagy proteins or autophagic vesicles might provide an initial membra‐
nous support for translation of incoming RNA, prior to accumulation of viral proteins and the
eventual establishment of virus-induced cellular modifications [88]. Alternatively, autophagy
proteins might contribute directly or indirectly to the cytoplasmic transport of the incoming
RNA to cellular factors or sites that are required for its translation. Importantly, autophagy
proteins are required neither for HCV entry nor for HCV secretion. Altogether, these data
explain the apparent contrast between the results of some in vitro studies reporting the
implication of autophagy proteins in HCV replication and the absence of correlation between
the number of autophagic vacuoles or the LC3-II level and the HCV load in chronic hepatitis
C patients: autophagy proteins are required only for initial steps of HCV replication, but not
once replication is established.

Notably, cytosolic RNA-sensing protein kinase PKR and eIF2-α phosphorylation regulate
virus- and starvation-induced autophagy [89]. It is tempting to speculate that recognition of
the incoming HCV RNA by RNA-sensing molecules induces autophagy and hence, favours
its initial translation. Alternatively, constitutive basal autophagic vesicle formation might be
required for this initial HCV RNA translation. The above observations suggest that autophagy
proteins are pro-viral factors for HCV and can be manipulated to facilitate HCV infection of
the liver.

3.3.2. HBV

HBV also induces autophagosomes in hepatocytes, as demonstrated both in vitro in several
liver derived cell lines [90] and in vivo in the liver of transgenic mouse lines harboring HBV
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DNA [91]. Importantly, this induction was also observed in the liver of an HBV-infected
patients but not of a non-infected patients [92]. In contrast to HCV, HBV enhances the
autophagic flux, as late autophagic vacuoles could be detected in mouse hepatocytes using
electron microscopy and given the existence of an extensive co-localization of lysosome-
associated membrane protein 1 (LAMP1) with GFP–LC3 puncta [93]. However, without being
able to provide the reason for it, no significant increase in protein degradation was observed
in HBV DNA-transfected cells.

An HBV-encoding protein, HBx, plays a crucial role in this HBV-induced autophagy. Indeed,
transfection of Huh7.5 cells with an HBV unable to express HBx did not enhance autophagy
[94]. Moreover, expression of HBx alone was sufficient to induce autophagy; similar results
were obtained in vivo in transgenic mice [91]. This effect of HBx is due, at least partly, to its
ability to bind to class III PI3K, a regulatory molecule that controls autophagy. Although
conflicting, HBx may also up-regulate the transcription of beclin-1 thus sensitizes the cells to
starvation-induced autophagy. Whether the role of HBx is confined to short nutrient starvation
conditions or also exists in normal conditions remains controversial. If, in the same way as
HCV, HBV subverts autophagy, the strategy applied is somewhat different. Autophagy
enhances HBV replication mostly at the step of viral DNA replication, slightly at the step of
RNA transcription, and not at other levels. How autophagy may enhance HBV DNA replica‐
tion remains unresolved.

The question whether HBV could be engulfed in autophagic vacuoles is not fully elucidated
despite the observation that HBV core/e antigens and surface antigens partially co-localized
with autophagic vacuoles. Immuno-electron microscopy studies would be required to address
this issue. However, as HBV seems to benefit from autophagy proteins and as the autophagic
protein degradation rate is not increased, this hypothesis seems unlikely and autophagic
vacuoles may rather serve as the sites for viral DNA replication and morphogenesis.

3.4. Autophagy and Hepatocellular Carcinoma (HCC)

The incidence of HCC is increasing worldwide primarily through the increase of cirrhosis
secondary to viral hepatitis. The role of autophagy in the development of cancer has been
comprehensively reviewed recently [95]. Autophagy is generally thought to be an anti-tumour
mechanism in cells. The tumor suppressor role of autophagy is not yet clear but may involve
limiting chromosomal instability, restricting oxidative stress and reducing intratumoral
necrosis and local inflammation. The role of autophagy in the regulation of neoplasia has
originated from observation where demonstrating mono-allelically deletion of Beclin-1 in 40–
75% of cases of human breast, ovarian, and prostate cancer [96]. Moreover, the regulation of
autophagy overlaps closely with signaling pathways that regulate tumorigenesis.

Studies assessing autophagy in HCC have clearly demonstrated in  vitro,  in mice and in
patients that,  in this  context,  autophagy is  a tumor suppressor mechanism. This follows
the general paradigm that autophagy is a cyto-protective mechanism. Murine models with
heterozygous  disruption  of  Beclin-1  have  a  high  frequency  of  spontaneous  HCC  [97].
Moreover, crossing beclin-1 +/− mice, with mice, that transgenically express the HBV large-
envelope polypeptide under the transcriptional  control  of  the mouse albumin promoter,
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resulted  in  the  acceleration  of  the  development  of  hepatitis  B  virus-induced  small-cell
dysplasia [98]. This maybe the prelude to the development of HCC. Expression of several
autophagic  genes  such  as  Atg5,  Atg7  and  Beclin-1  and  their  corresponding  autophagic
activity is decreased in HCC cell lines compared to that in a normal hepatic cell line [99].
Similarly,  Beclin-1  mRNA and  protein  levels  are  lower  in  HCC tissue  samples  than  in
adjacent non-tumor tissues from the same patients [100].

The most aggressive malignant HCC cell lines and HCC tissues with recurrent disease display
much lower autophagic levels than less aggressive cell lines or tissues, especially when the
anti-apoptotic B-cell leukemia/lymphoma (Bcl)-xL protein is over-expressed [101]. Interest‐
ingly, in a tissue microarray study consisting of 300 HCC patients who underwent curative
resection, the expression of Beclin-1 was significantly correlated with disease-free survival and
overall survival only in the Bcl-xL+ patients. Multivariate analyses revealed that Beclin-1
expression was an independent predictor for disease-free survival and overall survival in Bcl-
xL+ patients [101]. In addition, there was a significant correlation between Beclin-1 expression
and tumor differentiation in Bcl-xL+ but not in Bcl-xL− HCC patients. These data suggest that
autophagy defect synergizes with altered apoptotic activity and facilitates tumor progression
and poor prognosis of HCC. The role of other Atg proteins in the development and progression
of HCC remains to be established but on the basis of the data with Beclin-1 is would appear
that these proteins would also have anti-neoplastic effect.

The mechanisms responsible for this low autophagy protein level are not elucidated. However,
a recent study has demonstrated that HAb18G/CD147, a transmembrane glycoprotein highly
expressed in HCC, contributes to this decreased autophagic level in HCC through the class I
phosphatidylinositol 3-kinase–Akt pathway upregulation [102]. Other oncoproteins such as
the Bcl-2 family proteins may also be implicated in HCC, like in other cancers. Stimulation of
hypoxia-inducible factors (HIFs) due to hypoxic stress within HCC may also contribute to
autophagy modulation [103]. However many of these signaling pathways have not been
conclusively shown to be involved in HCC progression. It does remain an attractive notion
that these pathways are modulated by HCC leading to decrease levels of autophagy and
increased susceptibility to HCC. Indeed pharmacological therapies that inhibit autophagy
improves survival of patient undergoing liver transplantation for HCC when compared to
non-HCC recipients suggesting the specificity of its beneficial impact for cancer patients [104].
In addition ROS accumulation, and DNA damage also facilitates the development and
progression of HCC [105]. In studies carried out using tetrandrine, a calcium channel blocker,
it regulated the expression of Atg7, which then promoted tetrandrine-induced autophagy
[106]. In vitro and in vivo tetrandrine caused the accumulation of ROS and induced cell
autophagy in a tumor xenograft model. Therefore, these findings suggest that tetrandrine is a
potent autophagy agonist and may be a promising clinical chemotherapeutic agent [106]. It
was further demonstrated that oroxylin A-triggered autophagy contributed to cell death using
over-expression of Atg5 and Atg7 and inhibition of autophagy by siBeclin 1 and 3-methyla‐
denine (3-MA) [99]. In vivo study, oroxylin A inhibited xenograft tumor growth and induced
obvious autophagy in tumors. These findings define and support a novel function of autoph‐
agy in promoting death of HCC cells [99]. Furthermore miR-375 inhibits autophagy by
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reducing expression of Atg7 and impairs viability of HCC cells under hypoxic conditions in
culture and in mice. miRNAs that inhibit autophagy of cancer cells might be developed as
therapeutics [107].

These data provide potential therapeutic targets to modulate the development of HCC.
However until the precise regulatory role of autophagy in HCC is established these treatment
cannot be used in the clinic.

3.5. Autophagy and other liver diseases

The role of autophagy in other liver disease has yet to be firmly established. However limited
studies have been conducted in some liver diseases. In primary biliary cirrhosis (PBC)
autophagy is specifically seen in the damaged small bile ducts along with cellular senescence.
The inhibition of autophagy suppressed cellular senescence in cultured cells suggesting that
autophagy may mediate the process of biliary epithelial senescence and be involved in the
pathogenesis of bile duct lesions seen in PBC [108]. Furthermore the expression of LC3 was
seen in coarse vesicles in the cytoplasm of bile ductular cells and significantly more frequently
in PBC of both early and advanced stages when compared to control livers. Autophagy is
frequently seen in bile ductular cells in ductular reactions (DRs) in PBC. Since cellular
senescence of bile ductular cells is rather frequent in the advanced stage of PBC, autophagy
may precede cellular senescence of bile ductular cells in DRs in PBC [109]. The aggregation of
p62 is specifically increased in the damage bile ducts in PBC and may reflect dysfunctional
autophagy, followed by cellular senescence in the pathogenesis of bile duct lesions in PBC
[110]. Whether the same occurs in other biliary diseases such as primary sclerosing cholangitis
is not known.

Recent reports have suggested a role for autophagy in alpha-1-antitrypsin (AT) deficiency
where a mutant protein activates autophagy [111]. Autophagy is thought to be involved in the
degradation of the mutant protein and hence defective autophagy may contribute to the
hepatic fibrosis seen in AT [111].

Furthermore the role of autophagy in NAFLD, NASH and metabolic liver disease remains the
subject of on-going research.

4. Conclusion

This chapter has outlined the extensive role played by autophagy within the liver and its role
in various liver diseases. In general autophagy appears to be primarily a cyto-protective
mechanism within the liver and especially hepatocytes. Autophagy induction appears to
protect the liver from IRI and appears to negatively regulate neoplasia and reduce the effects
of alcohol. However the autophagy cell machinery can be used by viral infections and biliary
disease to aid disease propagation within the liver. It is important that aside from disease
pathogenesis autophagy may have a role in liver repair and regeneration that has not been
considered here.
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1. Introduction

Autophagy, which is constitutively executed at basal level in all cells, promotes cellular
homeostasis by regulating organelles and proteins turnover. In tumor cells, autophagy is
activated in response to various cellular stresses, including nutrient and growth factor
starvation, as well as hypoxia [1]. It is now well established that autophagy can act as tumor
suppressor and tumor promoter. The different roles of autophagy in cancer cells seem to
depend on tumor type, stage, and genetic context. Indeed, autophagy clearly suppresses the
initiation and development of tumors, however, it is considered as a key survival pathway in
response to stress, and many established tumors require autophagy to survive. In this section,
we will summarize the different mechanisms involved in the activation of autophagy in tumor
and discuss recent reports about the dual role of autophagy in carcinogenesis and tumor
progression.

1.1. Role of autophagy in tumor suppression

Several lines of indirect evidence indicate that autophagy acts as a tumor suppressor. Indeed
in various cases, oncogenic transformations, such as activation of the PI3K/Akt pathway via
activating PI3K mutations, AKT amplifications, or PTEN loss, are correlated, with a decreased
autophagy through mTOR activation [2]. Moreover, the amplification of the apoptosis
inhibitor Bcl-2 has been reported in some circumstances to inhibit autophagy through its
binding to Beclin1 [3, 4]. The involvement of p53 in the regulation of autophagy seems to be
more complex. Indeed, the activation of p53 by nutrient deprivation or genotoxic stress leads
to the activation of autophagy through the inhibition of mTOR or by the activation of DRAM
(damage-regulated autophagy modulator) [5-7]. However, consistent with the role of autoph‐
agy as tumor suppressor, the functional loss of p53 was expected to decrease autophagy or to
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suppress basal autophagy. The later effect seems to depend on the cytoplasmic, not the nuclear,
pool of p53 [8].

Beside the indirect evidences outlined above, there are more direct ones supporting the tumor
suppressing properties of autophagy. Thus, the autophagy execution protein Beclin1 is a
haplo-insufficient tumor suppressor protein. Monoallelic deletions of BECLIN1 are found in
sporadic human breast and ovarian carcinomas [9], and heterozygous deletion of BECLIN1
predisposes mice to a variety of tumors including mammary neoplastic lesions, lung adeno‐
carcinomas, hepatocellular carcinomas, and B cell lymphomas [10]. These results suggest that
intact autophagy may be constraining tumor initiation [11]. Similarly, homozygote deletion of
ATG5 was shown to predisposed mice specifically to liver tumors with high penetrance [12].

The tumor suppressive functions of autophagy have been extensively investigated. Below we
will provide mechanistic insights into the tumor-suppressive functions of autophagy.

1.1.1. Autophagy inhibits necrosis and inflammation

During the last decade, strong evidence supported that the inflammatory microenvironment
plays a major role in tumor development. Indeed, chronic inflammation is a common future
of early cancer development. In this regards, it has been proposed that autophagy can
modulate those inflammatory reactions through different mechanisms, as autophagy-deficient
tumors display an increased level of necrosis and inflammation.

First, it has been reported that activation of autophagy in tumor cells can inhibit necrotic cell
death. Unlike apoptotic cell death, cells dying by necrosis stimulate a robust inflammatory
response in vivo [13]. In 2006, a major study from the E. White’s group reported that impairment
of both apoptosis and autophagy promotes necrotic cell death, in vitro and in vivo, associated
with an inflammatory response and an accelerated tumor growth [14]. These results suggest
that autophagy takes part in the regulation of necrosis-induced cell death and thus in the
subsequent inflammation.

Several studies have confirmed that autophagy is able to prevent the two forms of necrotic
cell death (i) necroptosis and (ii) poly-(ADP-ribose) polymerase (PARP)-mediated cell death.
Necroptosis is a form of caspase-independent cell death mediated by cell death ligands (i.e.
TNF-α and FasL) [15, 16]. For example, Wu et al. have shown that autophagy is essential
to  overcome  zVAD-induced  necroptosis  in  L929  cells.  Activation  of  PI3K-Akt-mTOR
pathway, well-known as inhibitor of autophagy, is able to sensitize L929 cells to zVAD-
induced necroptosis, while amino-acid and serum starvation offers some protection to these
cells  [17].  PARP-mediated cell  death is  another  form of  programmed-necrotic  cell  death
mainly triggered by DNA damage. The cytoprotective role of autophagy in PARP-mediat‐
ed necrosis was illustrated in a recent study of Muñoz-Gámez et al..  They have reported
that DNA damages induced by doxorubicin in fibroblasts lead to PARP-1 activation and
autophagy induction which protects cells against necrosis. By specific knocking down of
the  autophagic  genes  ATG5  or  BECLIN1,  the  authors  were  able  to  sensitize  cells  to
doxorubicin-induced necrotic cell death [18].

Autophagy - A Double-Edged Sword - Cell Survival or Death?190

Autophagy acts also through different mechanisms to decrease inflammation. Autophagy is
essential for the maintenance of intracellular ATP level, which in turn is required for the
secretion of lysophosphatidylcholine (LPC). Secretion of LPC is associated with the acute phase
of the inflammatory response and is involved in the development of chronic inflammation. It
also has been shown that autophagy-deficient cells fail to generate phosphatidylserine on the
outer membrane surface – an important anti-inflammatory pro-apoptotic marker. This
explains how defect in autophagy can stimulate inflammatory response subsequently to
insufficient clearance of dead cells [19]. Accumulation of p62 in autophagy-deficient cells
activates the pro-inflammatory transcription factor NF-κB and the stress-responsive transcrip‐
tion factor NRF2, thus favoring inflammation and tissue injury [20]. Transcription factors of
NF-κB family regulate the expression of a broad range of genes involved in the development,
the proliferation, and the survival of tumor cells. Moreover, these transcription factors are
important in regulation of inflammation and innate and adaptive immune responses [21].
Activation of NF-κB is mediated by the IκB kinase (IKK) complexes. It has been shown that
IKK complexes are targets for degradation by autophagy when the heat shock protein 90
(Hsp90) function is inhibited [22]. Another mechanism of regulation of NF-κB by autophagy
is mediated by the Kelch-like ECH-associated protein 1 (Keap1). Keap1 interacts with the
kinase domain of IKKβ through its C-terminal domain. This domain is also required for the
binding of Keap1 to the transcription factor NRF2, which controls expression of certain
antioxidant genes. In response to tumor necrosis factor (TNF), Keap1 negatively regulates
activation of NF-κB through inhibition of the IKKβ phosphorylation and induction of IKKβ
degradation by autophagy pathway [23]. The E3 ubiquitin ligase Ro52 is another signaling
molecule that targets IKKβ for degradation through the autophagy pathway. In response to
distinct stimuli, specific interactions of Hsp90, Keap1 and Ro52 with IKKs regulate NF-κB
activity through their ability to activate or repress the degradation of IKKs by autophagy [24].
It has been shown that the crosstalk between NF-κB and autophagy regulates inflammasome
activity leading to the modulation of the activation of caspase-1 and subsequently the secretion
of potent pro-inflammatory cytokines [25]. Overall, it appears that autophagy exerts a
significant impact on the regulation of inflammation, and is an important modulator of cancer
pathogenesis.

1.1.2. Autophagy prevents oxidative stress and genomic instability

Over the last years, the link between autophagy and suppression of cancer development has
been confirmed by several in vivo studies using genetically engineered mice [26]. As mentioned
above, autophagy-defective mice with targeted deletion of the essential autophagy gene
BECLIN1 showed an increased susceptibility to develop cancer [10] [27]. It appears that the
involvement of autophagy in the management of oxidative stress and in the maintenance of
the genomic integrity is related to its antitumorigenic activity. Indeed, Mathew et al. demon‐
strated that autophagy can limit DNA damage, chromosomal instability and aneuploidy,
which may explain its antitumorigenic activity [28]. Several studies suggested that the
ubiquitin- and LC3-binding protein p62 may play a determinant role [29] [30]. Indeed, the
inability of autophagy-deficient cells to degrade p62 leads to the aberrant accumulation of this
protein, which is sufficient to promote tumorigenesis [30]. Recently, two groups demonstrated
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that p62 activates the transcription factor NRF2 through the direct inhibition of Keap1 [31] [32].
However, the role of NRF2 in DNA damage promotion is not clearly understood. In addition,
p62 may act as an important NF-κB modulator in tumorigenesis [33]. This study highlights
that the increase in DNA damage in autophagy-deficient cells was associated with high levels
of damaged mitochondria and reactive oxygen species (ROS), accumulation of endoplasmic
reticulum (ER) chaperones and protein disulfide isomerases. DNA alterations were sup‐
pressed by ROS scavengers, confirming the essential role of autophagy in oxidative stress
management and, subsequently in protein quality control [30]. On one hand, excessive ROS
exposure can directly alter the function of multiple cellular macromolecules by oxidation
(e.g. nucleic acids, lipids, proteins). On the other hand, oxidative stress is closely linked to
mitochondria dysfunction. Since autophagy is the only process allowing the mitochondrial
turnover (so-called mitophagy), preventing accumulation of damaged mitochondria highly
reduces the risk of oxidative stress. Moreover, mitochondria produce the bulk of ATP required
for vital cellular functions (e.g. DNA replication, mitosis, transcription). In this regard, the
ability of autophagy to control proteins/organelles quality and to maintain cellular energy
homeostasis highlights its antitumorigenic activity [34]. As an illustration of this concept, the
presence of damaged proteins, which are crucial in DNA replication, mitosis or centrosome
function, may favor DNA damage in autophagy-deficient cells. Moreover, default in ATP
production following a dysfunction in mitochondrial clearance, may also alter DNA replica‐
tion or repair by leading to the arrest of the replication forks and to the generation of breakage/
fusion/bridge cycles responsible for gene amplification [35]. Finally, the implication of
autophagy the “normal” protein turnover may also influence the occurrence of DNA damage.
For example, cell cycle progression is driven by the periodic activity of certain proteins (e.g.
Cyclin-dependent kinases (CDKs), Cyclins, CDKs inhibitors). It is possible that a deregulation
in “normal” protein turnover in autophagy-deficient cells may alter the correct sequence of
the cell cycle progression [35]. Taken together, it has become clear that autophagy helps normal
cells to overcome several types of stresses (e.g. metabolic, oncogenic), that directly limits their
oncogenic transformation. By contrast, this management of cellular stresses is also observed
in cancer cells, and leads in this case to cancer promotion (see section 1.2.1.) [36].

Autophagy is also able to mitigate the accumulation of genomic alteration by inducing the
mitotic senescence transition. Senescence is an irreversible cell cycle arrest associated with an
active metabolism, which can limit the proliferation of abnormal cells. Young et al. reported
an accumulation of autophagosomes in Ras-induced IMR90 senescent fibroblasts suggesting
that autophagy is required for tumor senescence. In addition, knockdown of ATG5/7 delayed
the senescent phenotype, while induction of autophagy clearly enhanced the protein turnover
that contributed to synthesis of pro-senescence cytokines (e.g. IL-6, IL-8) [37]. This study
suggests that autophagy not only facilitates the entry into senescence but also reinforce the
senescent phenotype of cells.

1.1.3. Autophagy contributes to tumor cell death

The induction of autophagic cell death has been proposed as a possible tumor suppression
mechanism. This statement is based on the observation that apoptosis occurs concomitantly
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with features of autophagy [38] and that prolonged stress and progressive autophagy can lead
to cell death [1].

Autophagic cell death was first described in 1973 based on the morphological features as a
modality of cell death with the presence of autophagosomes and was subsequently named as
type II cell death, together with apoptosis (type I) and necrosis (type III) [39]. The relevance of
autophagic cell death in development has been established in lower eukaryotes and inverte‐
brates like Dictyostelium discoideum and Drosophila melanogaster [40, 41]. There is clear evidence
that mammalian development does not require autophagy as newborn mice lacking essential
autophagy genes show no anatomical or histological defects and no impairment of the cell
death [42]. This evidence is supported by the fact that in cultured mammalian cells (human or
murine), autophagy genes depletion rather induces apoptosis than protects cell against death
induced by different stresses [43, 44]. The role of autophagy in cell death induction is not clear,
and needs further investigation. So far, the more convincing evidence showing autophagic cell
death in mammals is from neuronal cells. Following insulin starvation, hippocampal neural
stem cells undergo autophagic cell death, while suppression of autophagy by ATG7 knock‐
down blocks the cell death. In this study, autophagic cell death occurs only in cells with
functional apoptosis and is caspase-independent [45]. In cancer cells, recent study showed a
novel anti-cancer function of the cytosolic protein FoxO1 which is able to induce the autophagic
cell death, but it remains unclear if apoptosis is involved in FoxO1-mediated autophagy [46].
At present, most of experiments showing autophagic cell death in mammalian cells were
mainly conducted under in vitro cell culture conditions and in cells with defective apoptosis
machinery. It has been shown that DAPK (death associated protein kinase) plays an important
role in regulation of both autophagy and apoptosis. Indeed, DAPK induces autophagy by
phosphorylation of Beclin1, and is associated with the induction of apoptosis. However this
type of DAPK-dependent autophagic death is caspase dependent, and it remains to be
elucidated whether DAPK-mediated cell death is a real autophagic cell death, or whether
autophagy only assists in the apoptosis execution phase [47]. It has been proposed by Kroemer
et al. that cells rather die with autophagy, and not by autophagy as they showed that none of
1,400 compounds, evaluated for their ability to induce autophagic puncta and increase
autophagic flux, killed tumor cells through the induction of autophagy [48]. Moreover a careful
determination of the autophagic flux is needed to differentiate autophagic cell death from other
forms of non-apoptotic programmed-cell death, such as necroptosis. These examples illustrate
that autophagy may be involved in lethal signaling although the role of autophagy itself in
cell killing remains unclear. Thus, further studies are required before the exact role and the
precise mechanism of autophagic cell death will be known.

1.1.4. Autophagy modulates the anti-tumor immune response

The immune system plays an important role in controlling cancer progression. It is now well
established that immune cells can mediate the destruction of mutated, aberrant or over-
expressing self-antigens tumor cells. However, evasion of immune-mediated killing has
recently been recognized as an universal hallmark of cancer [49]. It has become increasingly
clear that hypoxic tumor microenvironment plays a crucial role in the control of immune
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in cancer cells, and leads in this case to cancer promotion (see section 1.2.1.) [36].

Autophagy is also able to mitigate the accumulation of genomic alteration by inducing the
mitotic senescence transition. Senescence is an irreversible cell cycle arrest associated with an
active metabolism, which can limit the proliferation of abnormal cells. Young et al. reported
an accumulation of autophagosomes in Ras-induced IMR90 senescent fibroblasts suggesting
that autophagy is required for tumor senescence. In addition, knockdown of ATG5/7 delayed
the senescent phenotype, while induction of autophagy clearly enhanced the protein turnover
that contributed to synthesis of pro-senescence cytokines (e.g. IL-6, IL-8) [37]. This study
suggests that autophagy not only facilitates the entry into senescence but also reinforce the
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The induction of autophagic cell death has been proposed as a possible tumor suppression
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murine), autophagy genes depletion rather induces apoptosis than protects cell against death
induced by different stresses [43, 44]. The role of autophagy in cell death induction is not clear,
and needs further investigation. So far, the more convincing evidence showing autophagic cell
death in mammals is from neuronal cells. Following insulin starvation, hippocampal neural
stem cells undergo autophagic cell death, while suppression of autophagy by ATG7 knock‐
down blocks the cell death. In this study, autophagic cell death occurs only in cells with
functional apoptosis and is caspase-independent [45]. In cancer cells, recent study showed a
novel anti-cancer function of the cytosolic protein FoxO1 which is able to induce the autophagic
cell death, but it remains unclear if apoptosis is involved in FoxO1-mediated autophagy [46].
At present, most of experiments showing autophagic cell death in mammalian cells were
mainly conducted under in vitro cell culture conditions and in cells with defective apoptosis
machinery. It has been shown that DAPK (death associated protein kinase) plays an important
role in regulation of both autophagy and apoptosis. Indeed, DAPK induces autophagy by
phosphorylation of Beclin1, and is associated with the induction of apoptosis. However this
type of DAPK-dependent autophagic death is caspase dependent, and it remains to be
elucidated whether DAPK-mediated cell death is a real autophagic cell death, or whether
autophagy only assists in the apoptosis execution phase [47]. It has been proposed by Kroemer
et al. that cells rather die with autophagy, and not by autophagy as they showed that none of
1,400 compounds, evaluated for their ability to induce autophagic puncta and increase
autophagic flux, killed tumor cells through the induction of autophagy [48]. Moreover a careful
determination of the autophagic flux is needed to differentiate autophagic cell death from other
forms of non-apoptotic programmed-cell death, such as necroptosis. These examples illustrate
that autophagy may be involved in lethal signaling although the role of autophagy itself in
cell killing remains unclear. Thus, further studies are required before the exact role and the
precise mechanism of autophagic cell death will be known.

1.1.4. Autophagy modulates the anti-tumor immune response

The immune system plays an important role in controlling cancer progression. It is now well
established that immune cells can mediate the destruction of mutated, aberrant or over-
expressing self-antigens tumor cells. However, evasion of immune-mediated killing has
recently been recognized as an universal hallmark of cancer [49]. It has become increasingly
clear that hypoxic tumor microenvironment plays a crucial role in the control of immune
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protection [50]. On one hand, tumor cells have evolved to utilize hypoxic stress to their own
advantage by activating key biochemical and cellular pathways that are important for tumor
progression, survival, and metastasis. Autophagy is one of these pathways activated under
hypoxia that may be exploited to modulate the responsiveness of tumor cells to immune
system. On the other hand, immune cells that infiltrate tumor microenvironment also encoun‐
ter hypoxia, resulting in hypoxia-induced autophagy. It is now clearly established that
autophagy impacts on the immune system as this process is crucial for immune cell prolifer‐
ation as well as for their effector functions such as antigen presentation and T-cell-mediated
killing of tumor cells [51]. In the subsequent section we will discuss the role of autophagy
activation in both tumor and immune cells in the context of cancer immune response. Indeed,
understanding how tumor cells evade effective immunosurveillance represents a major
challenge in the field of tumor immunotherapy.

1.1.4.1. Role of autophagy in immune cells

Despite the inhospitable hypoxic microenvironment, multiple cell types within the innate and
adaptive immune system are capable to recognize and eliminate tumor cells. This was
attributed to the ability of immune cells to adjust their metabolic dependency once they have
reached the tumor and enhance their survival by activating autophagy. Here we will discuss
how autophagy impacts specific immune subsets.

Autophagy in neutrophils

The effect of autophagy induction by hypoxia was investigated in neutrophils as this type of
immune cells are the first to migrate to the inflammatory site of the tumor where they promote
inflammation and activate macrophages and dendritic cells (DCs) [52]. Neutrophils display
high glycolytic rate making them resistant to hypoxia. Autophagy activation in neutrophils
has been reported to mediate neutrophil cell death. This will decrease inflammation and
ultimately lead to limit tumor growth under these circumstances [53].

Autophagy in antigen presenting cells (APCs)

In contrast to neutrophils, APCs such as macrophages and dendritic cells (DCs) must meta‐
bolically adapt to hypoxia through stabilization of hypoxia-inducible factor-1α (HIF-1α) to
induce the expression of glucose transporters and glycolytic enzymes as well as limiting
oxygen consuming oxidative phosphorylation [54]. As a consequence of hypoxia, macrophag‐
es and DCs have decreased phagocytosis, reduced migratory capacity, and increased produc‐
tion of proangiogenic and proinflamatory cytokines. While, hypoxia is involved in dampening
APC activity, autophagy may contribute to survival of APCs under these conditions. It has
been proposed that culturing DCs under hypoxia resulted in the stabilization of HIF-1α which
initiates BNIP3 expression and promotes survival of mature DCs, possibly due to induction
of autophagy [55]. It has been proposed that autophagy induction in APCs infiltrating tumor
occurs via different signaling mechanisms such as toll-like receptor (TLR) [56, 57] and TLR4/
HMGB1 [51] signaling pathways. Based on the data outlined above, we could assume that
autophagy plays a role in cell death of neutrophils which may serve as an anti-inflammatory
mechanism in hypoxic tumors. However, autophagy in tumor-infiltrating APCs is involved
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in survival, likely by liberation of nutrients required to support the energy demands of
activated cells and is important for the cell’s antigen presentation capabilities [58, 59]. DCs also
use autophagy to promote cross-presentation of tumor antigens on major histocompatibility
complex (MHC) class I complexes for cytotoxic T-Lymphocyte (CTL) activation [60] and to
facilitate antigen expression on MHC class II molecules for T-helper (Th) cell activation [59,
61]. Considering the fact that autophagy was shown to be important for the process of antigen
presentation, it may be involved in positive effects of APC presence within tumors such as
activation of T cells through improved MHC expression. Thus, inhibiting autophagy likely
dampens cancer immune response.

Autophagy in T lymphocytes

The effect of autophagy on the activity of T cells was also investigated. Indeed, autopha‐
gy is  activated in these cells  upon T cell  receptor  engagement  in both CD4+ and CD8+
subtypes [62-64]. Targeting autophagy by silencing ATG5 or ATG7 during T cell receptor
stimulation  leads  to  a  significant  decrease  in  cellular  proliferation,  highlighting  the
importance  of  autophagy  during  T  cell  activation  [63,  64].  Evidence  has  been  recently
provided showing that autophagy is upregulated at the immunological synapse during DC
and  T  cell  contact.  Suppression  of  autophagy  in  DCs  resulted  in  hyper-stable  contacts
between  the  DC  and  CD4+  T  cells  and  increased  T-cell  activation  [65].  Autophagy  is
upregulated in Th2 CD4+ T cells compared with Th1 CD4+ T cells and was shown to be
important for the survival of a Th2 cell line upon growth factor withdrawal [66]. In addition,
cells cultured under Th1-polarizing conditions rely more heavily on autophagy for survival
compared  to  the  Th17  subset.  These  findings  indicate  that  the  role  of  autophagy  is
dependent  on the cell  type and stimuli  and that  blocking autophagy can skew the bal‐
ance of immune subsets [67]. Once T cells mature and traffic to the periphery, autophagy
is  required  for  survival  [63,  67-70].  The  role  of  autophagy  in  promoting  mature  T-cell
survival has been attributed to autophagy degrading essential components of the apoptot‐
ic cell death machinery [67] and maintaining mitochondrial turnover [68-70]. In addition, it
has  been  demonstrated  that  activated  CD4+  T  cells  exhibit  reduced  cytokine  secretion,
adenosine  triphosphate  (ATP)  production,  fatty  acid  utilization,  and  glycolytic  activity
when autophagy is  inhibited  [64].  These  findings  support  the  notion  that  autophagy is
required for cellular function by providing metabolism through the liberation of biosynthet‐
ic precursors. It has been shown that during sustained growth factor withdrawal, autopha‐
gy  supplies  the  metabolites  necessary  to  generate  ATP  production  in  bone  marrow
hematopoietic  cells  [71]  supporting  the  hypothesis  that  immune cells  use  autophagy  to
generate  metabolites  required  for  cell  survival.  More  recently,  it  has  been  shown  that
autophagy  is  involved  in  the  liberation  of  the  ubiquitous  protein  puromycin-sensitive
aminopeptidase  epitope,  thereby  creating  a  CTL  epitope  that  mimic  tumor-associated
antigens [72].

1.1.4.2. Role of autophagy in tumor cells

Autophagy has been found activated in many tumors and its inhibition can lead to either
increased death or increased survival, depending on tissue type, tumor grade and any
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protection [50]. On one hand, tumor cells have evolved to utilize hypoxic stress to their own
advantage by activating key biochemical and cellular pathways that are important for tumor
progression, survival, and metastasis. Autophagy is one of these pathways activated under
hypoxia that may be exploited to modulate the responsiveness of tumor cells to immune
system. On the other hand, immune cells that infiltrate tumor microenvironment also encoun‐
ter hypoxia, resulting in hypoxia-induced autophagy. It is now clearly established that
autophagy impacts on the immune system as this process is crucial for immune cell prolifer‐
ation as well as for their effector functions such as antigen presentation and T-cell-mediated
killing of tumor cells [51]. In the subsequent section we will discuss the role of autophagy
activation in both tumor and immune cells in the context of cancer immune response. Indeed,
understanding how tumor cells evade effective immunosurveillance represents a major
challenge in the field of tumor immunotherapy.

1.1.4.1. Role of autophagy in immune cells

Despite the inhospitable hypoxic microenvironment, multiple cell types within the innate and
adaptive immune system are capable to recognize and eliminate tumor cells. This was
attributed to the ability of immune cells to adjust their metabolic dependency once they have
reached the tumor and enhance their survival by activating autophagy. Here we will discuss
how autophagy impacts specific immune subsets.

Autophagy in neutrophils

The effect of autophagy induction by hypoxia was investigated in neutrophils as this type of
immune cells are the first to migrate to the inflammatory site of the tumor where they promote
inflammation and activate macrophages and dendritic cells (DCs) [52]. Neutrophils display
high glycolytic rate making them resistant to hypoxia. Autophagy activation in neutrophils
has been reported to mediate neutrophil cell death. This will decrease inflammation and
ultimately lead to limit tumor growth under these circumstances [53].

Autophagy in antigen presenting cells (APCs)

In contrast to neutrophils, APCs such as macrophages and dendritic cells (DCs) must meta‐
bolically adapt to hypoxia through stabilization of hypoxia-inducible factor-1α (HIF-1α) to
induce the expression of glucose transporters and glycolytic enzymes as well as limiting
oxygen consuming oxidative phosphorylation [54]. As a consequence of hypoxia, macrophag‐
es and DCs have decreased phagocytosis, reduced migratory capacity, and increased produc‐
tion of proangiogenic and proinflamatory cytokines. While, hypoxia is involved in dampening
APC activity, autophagy may contribute to survival of APCs under these conditions. It has
been proposed that culturing DCs under hypoxia resulted in the stabilization of HIF-1α which
initiates BNIP3 expression and promotes survival of mature DCs, possibly due to induction
of autophagy [55]. It has been proposed that autophagy induction in APCs infiltrating tumor
occurs via different signaling mechanisms such as toll-like receptor (TLR) [56, 57] and TLR4/
HMGB1 [51] signaling pathways. Based on the data outlined above, we could assume that
autophagy plays a role in cell death of neutrophils which may serve as an anti-inflammatory
mechanism in hypoxic tumors. However, autophagy in tumor-infiltrating APCs is involved
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in survival, likely by liberation of nutrients required to support the energy demands of
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61]. Considering the fact that autophagy was shown to be important for the process of antigen
presentation, it may be involved in positive effects of APC presence within tumors such as
activation of T cells through improved MHC expression. Thus, inhibiting autophagy likely
dampens cancer immune response.
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gy is  activated in these cells  upon T cell  receptor  engagement  in both CD4+ and CD8+
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dependent  on the cell  type and stimuli  and that  blocking autophagy can skew the bal‐
ance of immune subsets [67]. Once T cells mature and traffic to the periphery, autophagy
is  required  for  survival  [63,  67-70].  The  role  of  autophagy  in  promoting  mature  T-cell
survival has been attributed to autophagy degrading essential components of the apoptot‐
ic cell death machinery [67] and maintaining mitochondrial turnover [68-70]. In addition, it
has  been  demonstrated  that  activated  CD4+  T  cells  exhibit  reduced  cytokine  secretion,
adenosine  triphosphate  (ATP)  production,  fatty  acid  utilization,  and  glycolytic  activity
when autophagy is  inhibited  [64].  These  findings  support  the  notion  that  autophagy is
required for cellular function by providing metabolism through the liberation of biosynthet‐
ic precursors. It has been shown that during sustained growth factor withdrawal, autopha‐
gy  supplies  the  metabolites  necessary  to  generate  ATP  production  in  bone  marrow
hematopoietic  cells  [71]  supporting  the  hypothesis  that  immune cells  use  autophagy  to
generate  metabolites  required  for  cell  survival.  More  recently,  it  has  been  shown  that
autophagy  is  involved  in  the  liberation  of  the  ubiquitous  protein  puromycin-sensitive
aminopeptidase  epitope,  thereby  creating  a  CTL  epitope  that  mimic  tumor-associated
antigens [72].

1.1.4.2. Role of autophagy in tumor cells

Autophagy has been found activated in many tumors and its inhibition can lead to either
increased death or increased survival, depending on tissue type, tumor grade and any
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concomitant therapy used [73, 74]. The role of autophagy induction in the anti-tumor immune
response has recently received widespread attention. We have investigated the role of
autophagy induction under hypoxia in tumor response to CTL-mediated lysis. Using non-
small cell lung carcinoma and their autologous CTL, we clearly showed that the activation of
autophagy under hypoxia in tumor cells is associated with resistance to CTL-mediated lysis
(Figure 1).

Figure 1. Effect of hypoxia-induced autophagy in CTL-mediated tumor cell killing

Targeting autophagy in hypoxic tumor cells restores CTL-mediated killing [75]. The mecha‐
nism by which hypoxia-induced autophagy leads to tumor resistance to CTL was investigated.
We provided evidence that hypoxia-inducible factor (HIF)-1α and autophagy coordinately
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operate to induce and stabilize a survival pathway involving the activated signal transducer
and activator of transcription-3 (STAT-3) [76]. Furthermore, we also showed that targeting
autophagy in vivo enhances the anti-tumor effect of tumor vaccine. These findings extend the
notion that simultaneously boosting the immune system and targeting autophagy could
enhance the therapeutic efficacy of cancer vaccine and may prove beneficial in cancer immu‐
notherapy [75].

Since autophagy can also promote the survival of tumor cells through nutrients recovered from
degrading and recycling damaged organelles, it has been recently proposed that chemother‐
apy-induced autophagy causes the release of ATP from tumor cells, thereby stimulating
antitumor immune response. Targeting autophagy blunted the release of ATP by tumor cells
in response to chemotherapy without affecting that of other damaged signals. Autophagy-
dependent extracellular ATP recruits DCs into tumors and activates a T cell response to tumor
cells [77]. Based on this study, it seems that the activation of autophagy in the context of DNA
damage-induced apoptosis, causes ATP release which subsequently recruits immune cells.

It is now well established that immune effector cells integrate signals that define the nature
and magnitude of the subsequent response. In this context, it has been shown that at high
effector-to-target ratios, autophagy was induced in several human tumors by natural killer
(NK) cells. Importantly, cell-mediated autophagy promoted resistance from treatment
modalities designed to eradicate tumor. Thus, the lymphocyte-induced cell-mediated autoph‐
agy promotes cancer cell survival and may represent an important target for development of
novel therapies [78].

The complexity of cancer immune response is related to the fact that different immune subsets
cooperatively and coordinately act through the secretion of cytokines and other soluble factors.
Thus, it stands to reason that antitumor immune responses are not entirely dependent on the
presence or absence of any particular subset, but rather on the stoichiometry of immune
effectors versus immune suppressors. As a result, any anti-cancer therapies that skew the
immune effector to suppressor ratio by impacting autophagy may exert a large effect on overall
patient survival [79]. While mounting evidence suggest that autophagy induction enhances
immune cell function, autophagy seems to operate as a tumor cells resistance mechanism
against immune response. In spite of this, inhibition of autophagy in the clinic can behave as
a double-edged sword because it can enhance or suppress cancer immune response. Thus,
therapeutic strategies targeting autophagy in tumor cells must consider the potential negative
impact on antitumor immunity. The key question that emerged is: what is the net outcome of
the autophagy inhibitor in clinic? There are numerous studies supporting that immunotherapy
of cancer should focus on inducing and reprogramming cells of the innate and adaptive
immune system. Therefore, it is tempting to speculate that combined therapy based on
autophagy inhibitor and reprograming immune cells could significantly improve cancer
immunotherapy.

1.1.5. Autophagy inhibits metastasis

Metastases are responsible for most cancer-related deaths. Metastatic cascade involves several
steps, including: i) invasion from the primary tumor site, ii) intravasation and survival in the
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in response to chemotherapy without affecting that of other damaged signals. Autophagy-
dependent extracellular ATP recruits DCs into tumors and activates a T cell response to tumor
cells [77]. Based on this study, it seems that the activation of autophagy in the context of DNA
damage-induced apoptosis, causes ATP release which subsequently recruits immune cells.
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and magnitude of the subsequent response. In this context, it has been shown that at high
effector-to-target ratios, autophagy was induced in several human tumors by natural killer
(NK) cells. Importantly, cell-mediated autophagy promoted resistance from treatment
modalities designed to eradicate tumor. Thus, the lymphocyte-induced cell-mediated autoph‐
agy promotes cancer cell survival and may represent an important target for development of
novel therapies [78].

The complexity of cancer immune response is related to the fact that different immune subsets
cooperatively and coordinately act through the secretion of cytokines and other soluble factors.
Thus, it stands to reason that antitumor immune responses are not entirely dependent on the
presence or absence of any particular subset, but rather on the stoichiometry of immune
effectors versus immune suppressors. As a result, any anti-cancer therapies that skew the
immune effector to suppressor ratio by impacting autophagy may exert a large effect on overall
patient survival [79]. While mounting evidence suggest that autophagy induction enhances
immune cell function, autophagy seems to operate as a tumor cells resistance mechanism
against immune response. In spite of this, inhibition of autophagy in the clinic can behave as
a double-edged sword because it can enhance or suppress cancer immune response. Thus,
therapeutic strategies targeting autophagy in tumor cells must consider the potential negative
impact on antitumor immunity. The key question that emerged is: what is the net outcome of
the autophagy inhibitor in clinic? There are numerous studies supporting that immunotherapy
of cancer should focus on inducing and reprogramming cells of the innate and adaptive
immune system. Therefore, it is tempting to speculate that combined therapy based on
autophagy inhibitor and reprograming immune cells could significantly improve cancer
immunotherapy.

1.1.5. Autophagy inhibits metastasis

Metastases are responsible for most cancer-related deaths. Metastatic cascade involves several
steps, including: i) invasion from the primary tumor site, ii) intravasation and survival in the

Role of Autophagy in Cancer and Tumor Progression
http://dx.doi.org/10.5772/55388

197



systemic circulation, iii) extravasation at the secondary tissue site and, iv) colonization of this
target tissue [80]. Autophagy has been found to either promote or prevent the metastatic
progression, depending on the step in which it is activated (Figure 2 adapted from [81]). In
this section, we will focus on the anti-metastatic activity of autophagy, while its pro-metastatic
properties will be overview in the section 1.2.2.

Figure 2. Dual role of autophagy in metastasis (adapted from [80])

1.1.5.1. Autophagy modulates the inflammatory response

At early steps, autophagy is able to limit the metastatic progression from the primary tumor
site by restricting inflammatory response. Indeed, infiltrated immune cells can supply some
signals within the tumor microenvironment that influence tissue remodeling, angiogenesis,
tumor cell survival and spreading. Clinical and experimental data have confirmed the dual
role of the immune system in tumor metastasis. As example, Lin et al. have demonstrated that
macrophages depletion into the primary tumor site in transgenic CFS-1 null mice (colony-
stimulating factor-1 is a cytokine involved in the proliferation, differentiation and survival of
macrophages) delayed the development of metastasis [82]. While certain immune cells (e.g.
macrophages, B cells, granulocytes, mast cells) may favor cancer development, others (e.g.
Natural killer cells and T lymphocytes) may preferentially inhibit it [83] [84]. However, the
tumor-promoting or tumor-suppressive properties of immune cells are not clearly defined and
seem to be closely dependent on the tissue context and the cellular stimuli [85].
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Autophagy can modulate inflammation during metastasis by different ways. On one hand,
autophagy may lead to a direct activation of antitumor immunity through the release of high-
mobility group box protein 1 (HMGB1) from tumor cells that are destined to die [86]. When
released, HMGB1 stimulates the Toll-Like Receptor 4 on dendritic cells and, subsequently,
promotes the tumor cell killing by inducing T-cell immunity [87]. On the other hand, autoph‐
agy can indirectly attenuate the macrophage infiltration by inhibiting tumor cell necrosis (see
section 1.1.1.). Indeed, tumor-associated macrophages (TAMs) are important components of
the leukocyte infiltrate and their involvement in metastasis progression have been extensively
studied. TAMs positively influence tissue remodeling, angiogenesis, tumor invasion and
intravasation through the production of growth factors, cytokines and matrix metalloproteases
[88] [85] [89].

1.1.5.2. Autophagy alters the epithelial to mesenchymal transition (EMT)

Many studies have shown that the acquisition of mesenchymal feature by carcinoma cells
promotes cancer invasion and metastasis. Epithelial to Mesenchymal Transition (EMT) is a
process that leads to the complete loss of epithelial characteristics to achieve a mesenchymal
cell phenotype. Initiation and completion of EMT requires the expression of specific transcrip‐
tion factors, microRNAs, cell surface proteins and matrix-degrading proteases [90]. Once
undergoing EMT, cancer cells acquire invasive properties that enhance their ability to detach
from the primary tumor site and to colonize distant tissues. Recently, two studies have pointed
out that autophagy may modulate EMT. Lv et al. have shown that the expression of the Death-
effector domain-containing DNA-binding protein (DEDD) is inversely correlated with the
metastatic phenotype of breast cancer cells. Ectopic expression of DEDD in metastatic MDA-
MB-231 cells leads to the autophagy-mediated degradation of the two major EMT inducers
Snail and Twist, and subsequently to the loss of the metastatic phenotype. Conversely, knock-
down of DEDD in non-metastatic MCF-7 cells reduces autophagy and leads to EMT promotion
[91]. Earlier, Sun et al. have suggested the implication of the Bcl-2 anti-apoptotic protein, which
is also known as an inhibitor of Beclin-1-dependent autophagy, in EMT induction. Under
hypoxia condition, Bcl-2 and Twist are coexpressed in hepatocellular carcinoma and physically
interact to form a complex that promotes EMT [92].

1.1.5.3. Autophagy restricts expansion of dormant tumor cells

Cancer recurrence is a determinant element for patient life expectancy because this disease
presents a high risk of relapse after therapy or a long period of remission. Presence of residual
dormant cells in the primary tumor site or in distant organs is one of the major causes of cancer
relapse. Tumor dormancy is characterized by a prolonged, but reversible, growth arrest in G0-
G1, by which tumor cells survive in a quiescent state. However, dormant tumor cells have to
re-activate their proliferative activity to allow the development of micro- or macro-metastasis.
Lu et al. have reported that induction of aplasia Ras homologue member I (ARHI) gene in
ovarian cancer xenografts in mice induced autophagy, led to tumor dormancy and signifi‐
cantly inhibited xenograft growth. Interestingly, a proliferative recovery was obtained when
the ARHI-induced autophagy was not maintained supporting the fact that autophagy is
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systemic circulation, iii) extravasation at the secondary tissue site and, iv) colonization of this
target tissue [80]. Autophagy has been found to either promote or prevent the metastatic
progression, depending on the step in which it is activated (Figure 2 adapted from [81]). In
this section, we will focus on the anti-metastatic activity of autophagy, while its pro-metastatic
properties will be overview in the section 1.2.2.

Figure 2. Dual role of autophagy in metastasis (adapted from [80])

1.1.5.1. Autophagy modulates the inflammatory response

At early steps, autophagy is able to limit the metastatic progression from the primary tumor
site by restricting inflammatory response. Indeed, infiltrated immune cells can supply some
signals within the tumor microenvironment that influence tissue remodeling, angiogenesis,
tumor cell survival and spreading. Clinical and experimental data have confirmed the dual
role of the immune system in tumor metastasis. As example, Lin et al. have demonstrated that
macrophages depletion into the primary tumor site in transgenic CFS-1 null mice (colony-
stimulating factor-1 is a cytokine involved in the proliferation, differentiation and survival of
macrophages) delayed the development of metastasis [82]. While certain immune cells (e.g.
macrophages, B cells, granulocytes, mast cells) may favor cancer development, others (e.g.
Natural killer cells and T lymphocytes) may preferentially inhibit it [83] [84]. However, the
tumor-promoting or tumor-suppressive properties of immune cells are not clearly defined and
seem to be closely dependent on the tissue context and the cellular stimuli [85].

Autophagy - A Double-Edged Sword - Cell Survival or Death?198

Autophagy can modulate inflammation during metastasis by different ways. On one hand,
autophagy may lead to a direct activation of antitumor immunity through the release of high-
mobility group box protein 1 (HMGB1) from tumor cells that are destined to die [86]. When
released, HMGB1 stimulates the Toll-Like Receptor 4 on dendritic cells and, subsequently,
promotes the tumor cell killing by inducing T-cell immunity [87]. On the other hand, autoph‐
agy can indirectly attenuate the macrophage infiltration by inhibiting tumor cell necrosis (see
section 1.1.1.). Indeed, tumor-associated macrophages (TAMs) are important components of
the leukocyte infiltrate and their involvement in metastasis progression have been extensively
studied. TAMs positively influence tissue remodeling, angiogenesis, tumor invasion and
intravasation through the production of growth factors, cytokines and matrix metalloproteases
[88] [85] [89].

1.1.5.2. Autophagy alters the epithelial to mesenchymal transition (EMT)

Many studies have shown that the acquisition of mesenchymal feature by carcinoma cells
promotes cancer invasion and metastasis. Epithelial to Mesenchymal Transition (EMT) is a
process that leads to the complete loss of epithelial characteristics to achieve a mesenchymal
cell phenotype. Initiation and completion of EMT requires the expression of specific transcrip‐
tion factors, microRNAs, cell surface proteins and matrix-degrading proteases [90]. Once
undergoing EMT, cancer cells acquire invasive properties that enhance their ability to detach
from the primary tumor site and to colonize distant tissues. Recently, two studies have pointed
out that autophagy may modulate EMT. Lv et al. have shown that the expression of the Death-
effector domain-containing DNA-binding protein (DEDD) is inversely correlated with the
metastatic phenotype of breast cancer cells. Ectopic expression of DEDD in metastatic MDA-
MB-231 cells leads to the autophagy-mediated degradation of the two major EMT inducers
Snail and Twist, and subsequently to the loss of the metastatic phenotype. Conversely, knock-
down of DEDD in non-metastatic MCF-7 cells reduces autophagy and leads to EMT promotion
[91]. Earlier, Sun et al. have suggested the implication of the Bcl-2 anti-apoptotic protein, which
is also known as an inhibitor of Beclin-1-dependent autophagy, in EMT induction. Under
hypoxia condition, Bcl-2 and Twist are coexpressed in hepatocellular carcinoma and physically
interact to form a complex that promotes EMT [92].

1.1.5.3. Autophagy restricts expansion of dormant tumor cells

Cancer recurrence is a determinant element for patient life expectancy because this disease
presents a high risk of relapse after therapy or a long period of remission. Presence of residual
dormant cells in the primary tumor site or in distant organs is one of the major causes of cancer
relapse. Tumor dormancy is characterized by a prolonged, but reversible, growth arrest in G0-
G1, by which tumor cells survive in a quiescent state. However, dormant tumor cells have to
re-activate their proliferative activity to allow the development of micro- or macro-metastasis.
Lu et al. have reported that induction of aplasia Ras homologue member I (ARHI) gene in
ovarian cancer xenografts in mice induced autophagy, led to tumor dormancy and signifi‐
cantly inhibited xenograft growth. Interestingly, a proliferative recovery was obtained when
the ARHI-induced autophagy was not maintained supporting the fact that autophagy is

Role of Autophagy in Cancer and Tumor Progression
http://dx.doi.org/10.5772/55388

199



required for the establishment of the dormant state [93]. These results illustrate how autophagy
can maintain the dormant phenotype of tumor cells and thus inhibit the entry into an active
dividing state. By this way, autophagy either prevents the expansion of isolated dormant
tumor cells and the development of macrometastases.

1.2. Role of autophagy in tumor progression and metastasis

1.2.1. Autophagy induces survival of tumor cells under a variety of stresses

It has been well documented that tumor cells activate autophagy in response to stress, which
enables long-term survival when apoptosis is defective [94]. Autophagy must be a highly
selective process to allow extensive cellular degradation while retaining functional integrity.
This section will address how autophagy confers tumor cells with superior stress tolerance,
which limits damage, maintains viability, sustains dormancy and facilitates recovery.

Cancer cells need to adapt their metabolism to ensure the demands of proliferation enhanced
in the microenvironment. The oncogenes affect signaling pathways important in regulation of
metabolism, which support cancer growth and proliferation [95]. Autophagy is activated in
response to multiple stresses, such as hypoxia, nutrient starvation, and the endoplasmic
reticulum (ER) stress [96], during cancer progression. Under metabolic stress, inhibition of
autophagy could lead to accelerated apoptosis, thus limiting further tumor progression. In this
section, we discuss the role of autophagy regulation in tumor microenvironment and tumor
growth [97].

1.2.1.1. Autophagy as adaptive metabolic response to hypoxia

Tumor cells are subjected to elevated metabolic stresses (i.e. lack of nutrition, oxygen depri‐
vation) due to a defect in angiogenesis and inadequate blood supply. High levels of hypoxia
resulted in an alteration of metabolism, enhanced invasiveness and resistance to therapy.
Metabolic stress in tumors is mainly caused by the high metabolic demand required for cell
proliferation and the impairment of ATP production [98]. Autophagy acts as an alternative
source of energy and promotes tumor cell survival in hypoxic microenvironment. White et
al. first showed that induction of autophagy in the hypoxic core of tumors promotes cancer
cell survival. Hypoxia within tumors can be generated by hypoxia-inducible factor-1 alpha
(HIF-1α)-dependent or -independent manner [99]. On one hand, autophagy in hypoxia can be
induced through HIF-1α-dependent expression of the BH3-only protein Bcl-2/adenovirus E1B
19 kDa-interacting protein 3 (BNIP3) and the related protein, BNIP3L [100]. These proteins are
downstream targets of HIF-1α and are able to induce mitophagy in hypoxia to manage ROS
production.

Mechanistically, Bellot et al. showed that induction of BNIP3 and BNIP3L in hypoxic cells
disrupts the Beclin1-Bcl-2 complex leading to Beclin1 release and subsequently autophagy
induction as an adaptive survival response during prolonged hypoxia [101]. We have shown
that the acquisition of TNF-resistance in breast cancer cells is correlated with constitutive
activation of HIF-1α, even under normoxia, and with the induction autophagy by several
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signaling pathways highlighting the important role of autophagy in tumor cell adaptation to
hypoxia [102] (Figure 3).
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B 

Figure 3. Induction of autophagy in TNF-resistant breast cancer cells. (A) Immunofluorescence analysis of auto‐
phagosomes formation in TNF-resistant MCF-7 clone (1001). MCF-7 and 1001 cells were labeled with anti-LC3 primary
antibody and Alexa-Fluor 488-conjugated secondary antibody. No autophagosomes were observed in MCF-7 (diffuse
green staining) and several autophagosomes (green dot-like structures) were observed in 1001 cells. (B) Data mining
of autophagy microarray results performed by Ingenuity software highlights the involvement of MYC and HIF1-α
downstream pathways in the activation of autophagy in TNF-resistant cells. Solid lines indicate a direct interaction and
dotted lines indicate an indirect interaction; arrows indicate that protein A acts directly (solid line) or indirectly (dotted
line) on protein B. Green represents downregulation while red depicts upregulation in 1001 compared to MCF-7 cells.
The intensity of color represents the average of log2 fold change from three independent experiments. Symbols af‐
fected to each gene reflect cell functions.

Furthermore, Denko et al., showed that autophagy in hypoxia can be induced independently
of nutrient deprivation, HIF-1α activity, and expression of BNIP3. The HIF-1 independent
hypoxia-induced autophagy involves the activity of the 5′-AMP-activated protein kinase
(AMPK) [103]. Recent reports suggest that in addition to its role in the regulation of normal
metabolism, AMPK can also regulate cellular energy homeostasis through autophagic
degradation of intracellular components. Decrease in the ATP/AMP ratio and the activation
of AMPK promotes catabolic pathways instead of anabolic processes. The major downstream
pathway activated in HIF-1-independent hypoxia depends on tuberous sclerosis complex
(TSC) and mammalian target of rapamycin (mTOR) – a master regulator of cell growth, cellular
metabolism, and autophagy [104]. Recently, it has been shown that this pathway can be
triggered before any detectable decreases in intracellular ATP levels [105]. Another signaling
pathway induced by hypoxic stress and involved in the activation of HIF-1 independent-
autophagy is the unfolded protein response (UPR), an evolutionarily conserved pathway
activated in response to ER stress. The UPR is activated by three distinct ER stress sensors on
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hypoxia-induced autophagy involves the activity of the 5′-AMP-activated protein kinase
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of AMPK promotes catabolic pathways instead of anabolic processes. The major downstream
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(TSC) and mammalian target of rapamycin (mTOR) – a master regulator of cell growth, cellular
metabolism, and autophagy [104]. Recently, it has been shown that this pathway can be
triggered before any detectable decreases in intracellular ATP levels [105]. Another signaling
pathway induced by hypoxic stress and involved in the activation of HIF-1 independent-
autophagy is the unfolded protein response (UPR), an evolutionarily conserved pathway
activated in response to ER stress. The UPR is activated by three distinct ER stress sensors on
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the ER membrane: PKR-like ER kinase (PERK), IRE-1, and activating transcription factor 6
(ATF6). PERK kinase phosphorylates the eukaryotic initiation factor 2α (eIF2α) leading to
inhibition of the initiation step of mRNA translation [106]. In addition to the inhibition of
protein synthesis, PERK phosphorylation of eIF2α enables a selective translation of the ATF4
transcription factor which has a key role in autophagy regulation in response to ER stress. In
response to activation of UPR, PERK stimulates autophagy to clear protein aggregates
generated by ER stress [107]. Various ER stress–inducing agents have been shown to induce
autophagy in yeast and mammalian cells. Additionally, both the PERK/eIF2α and IRE-1 from
UPR system have been implicated in regulation of autophagy [108]. Autophagic degradation
of cellular components provides the energetic balance governed by AMPK, and suppression
of autophagy in cancer cells can increase both resistance to hypoxic stress and tumorigenicity.

1.2.1.2. Autophagy in nutrient starvation

It is now well known that the metabolic stress induced by starvation in tumor microenviron‐
ment activates autophagy. Moreover, this metabolic stress is also dependent on autophagy as
it allows organelles and proteins recycling in order to provide energy for cell survival. It has
been shown that cancer cell lines with Ras activation display elevated levels of basal autophagy
essential for survival through starvation and tumor growth [109]. Autophagy induced by
starvation (i.e. glucose, L-glutamine, pyruvate, serum or amino acids) is mediated by ROS
[110]. Indeed, autophagy can be regulated by both superoxide radical and hydrogen peroxide
[111]. Another pathway implicated in regulation of autophagy in starvation conditions is
dependent on AMP Kinase (AMPK). Specifically, under starvation conditions, activated
AMPK inhibits the mTOR pathway and leads to induction of autophagy flux [112]. A new
mechanism of regulation of starvation-induced autophagy by microRNAs (miRNAs) has been
recently proposed by Gouzacik et al..They have shown that miR-376b was able to attenuate
starvation- and rapamycin-induced autophagy in MCF7 and Huh-7 cells. Two direct func‐
tional targets of this miRNA were characterized; ATG4C and Beclin1. This finding underlines
the importance of miRNAs in tumor microenvironment and as a new regulator of the autoph‐
agy pathway [113].

1.2.2. Autophagy promotes tumor cell metastasis

As mentioned in the section 1.1.5., autophagy may also promote different steps of metastatic
cascade, mainly by favoring the survival of cancer cells in inhospitable environments (e.g.
systemic circulation, target organs) (Figure 2). Induction of autophagy allows cancer cells to
survive under a variety of stresses (e.g. hypoxic, metabolic), that subsequently favors tumor
progression (for details, see the section 1.2.1). Several lines of evidence also suggest that
autophagy-induced resistance to apoptosis plays a crucial role in cancer progression. It is well
documented that metastatic cancer cells are more resistant to apoptosis than their poorly-
metastatic counterparts [114]. As example, autophagy is upregulated in tumor cells that are
resistant to TRAIL-induced apoptosis [115]. Moreover, blocking specific autophagy actors
(e.g. Beclin1, ATG7) efficiently restores TRAIL-induced apoptotic cell death, highlighting the
cytoprotective role of autophagy in TRAIL-resistance [115] [116].

Autophagy - A Double-Edged Sword - Cell Survival or Death?202

During the metastatic progression, cancer cells activate mechanisms to resist to anoikis.
Anoikis is a form of apoptotic cell death induced by the detachment from the surrounding
extracellular matrix (ECM) [117]. Activation of autophagy during anoikis may be a survival
strategy developed by the cells to overcome the stress of ECM detachment. Fung et al. have
pointed out that autophagy is induced in both non-tumorigenic epithelial cell lines and in
primary epithelial cells following the ECM detachment [118]. They demonstrated that
autophagy protects cells from anoikis as RNAi-depletion of autophagy regulators (ATGs)
promotes apoptosis and reduced clonogenic viability upon reattachment. ECM-detached cells
activate the PERK-eIF2α-ATF4-CHOP pathway, which is responsible for both autophagy
induction and oxidative stress limitation [119]. However, only few studies have confirmed the
ability of autophagy to inhibit anoikis in cancer cells. As example, Chen et al. demonstrated
that loss of autophagy in oncogenic-transformed mammary epithelial cells (PI3K-H1047R)
promotes survival and proliferation in 3D organotypic culture [120].

Although autophagy prevents cancer progression by maintaining tumor cells in a dormant
state, initiation of dormancy may also promote tumor progression by favoring survival of
cancer cells. In this regard, it has been shown that breast cancer cells that lack β1 integrin are
in a dormant state, suggesting that dormancy may help cancer cells to overcome the stress of
ECM detachment, and subsequently resist to anoikis [121].

1.2.3. Upregulation of autophagy promotes resistance to cancer therapy

Autophagy may function to remove proteins or organelles that are damaged by cancer
treatments or, through the degradation of cellular components, may provide nutrients for the
rapidly growing cells. Indeed, inhibitors of autophagy can produce different outcomes: cell
survival or cell death. Obviously, autophagic cell survival confers tumor cells with superior
stress tolerance, which limits damage, maintains viability, sustains dormancy, and facilitates
recovery. The dual role of autophagy highlights the need to carefully define its role in tumor
cells before applying autophagy-based therapy. It will be important for clinical oncologists
and cancer researchers to determine which cancer cell types most commonly undergo
autophagy in response to therapy, and whether increased autophagy is a sign of responsive‐
ness or resistance.

Nevertheless, several studies have shown that tumor cells can survive anti-cancer treatment
by activating autophagy. This statement was validated using genetic or pharmacological
inhibitors of autophagy which led to sensitize tumor cells to cancer therapies. In this context,
it has been reported that inhibition of autophagy sensitizes cancer cells to DNA damaging
anticancer agents. Evidence has been provided that inhibition of autophagy by 3-methylade‐
nine (3-MA) or by targeting Atg7 enhances the cytotoxicity of 5-fluorouracil in human
colorectal cancer cells [122]. Autophagy inhibition also enhances the therapeutic efficacy of
cisplatin and 5-fluorouracil in esophageal and colon cancer cells, respectively [122, 123].
Targeting autophagy by genetic approaches using Beclin1, Atg3, and Atg4b siRNA sensitizes
resistant cancer cells to ionizing radiation [124]. These studies strongly argue that autophagy
operates as a mechanism through which cancer cells acquire resistance to radiotherapy and
chemotherapy. There are numerous studies supporting the involvement of autophagy in
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cancer stem cells resistance to ionizing radiation and other anti- cancer treatments [125]. Thus,
in malignant gliomas, the CD133+ cancer stem cells express higher levels of the autophagic
proteins LC3, Atg5, and Atg12. In addition, ionizing radiation seems to induce autophagy only
in CD133+ cancer stem cells compared to CD133- counterpart [126]. Furthermore, glioma cells
treated with autophagy inhibitors exhibit more extensive DNA double-strand breaks than cells
treated with radiation alone [127]. We have recently demonstrated that autophagy induction
in tumor cells under hypoxia decrease the tumor cell killing by cytotoxic T lymphocytes.
Furthermore, we provided evidence that simultaneously boosting the immune system by
vaccination and inhibiting autophagy may improve cancer immunotherapy [75, 76].

While the general consensus is that autophagy inhibition is an effective strategy for cancer
therapy, some drugs that are being used in the clinic induce autophagy. In most cases, however,
it has not been proven that these drugs induce death via the autophagy pathway. Indeed, for
many of these drugs it is hypothesized that combining them with autophagy inhibitors may
improve their efficacy.

2. Autophagy as a target for anti-cancer therapies

Evidence indicated that the modulation of autophagy is an important component of tumori‐
genesis, making it a possible therapeutic target. Pharmacological inhibitors of autophagy can
be broadly classified as early- or late-stage inhibitors of the pathway. Early-stage inhibitors
include 3-methyadenine, wortmannin, and LY294002, which target the class III PI3K (Vps34)
and interfere with its recruitment to the membranes. Late-stage inhibitors include the antima‐
larial drugs chloroquine (CQ), hydroxychloroquine (HCQ), bafilomycin A1, and monensin.
Bafilomycin A1 is a specific inhibitor of vacuolar-ATPase [128], and monensin and CQ/HCQ
are lysosomotropic drugs that prevent the acidification of lysosomes, whose digestive
hydrolases depend on low pH. Since autophagosomes and lysosomes move along microtu‐
bules, microtubule-disrupting agents (taxanes, nocodazole, colchicine, and vinca alkaloids)
can also inhibit the fusion of autophagosomes with lysosomes. Other inhibitors of autophagy
that block autophagosome degradation include the tricyclic antidepressant drug clomipra‐
mine and the anti-schistome agent lucanthone [129, 130]. Of the known autophagy inhibitors
outlined above, only CQ and HCQ have been evaluated in humans, because they are com‐
monly used as antimalarial drugs and in autoimmune disorders. These drugs cross the blood-
brain barrier, and HCQ is preferred to CQ in humans because of its more favorable side-effects
profile [131]. Quinacrine, which also has been used in patients as an anti-malarial, has been
shown to inhibit autophagy similarly to CQ. In fact, quinacrine showed greater cytotoxicity in
gastrointestinal stromal tumor (GIST) cell lines treated with imatinib than CQ [132], and
therefore this may be a promising anti-autophagy agent for future clinical trials.

Currently, there are nearly 20 clinical trials registered in the National Cancer Institute
(www.cancer.gov/clinicaltrials) exploring anti-autophagy strategies in a variety of human
cancers. Most of these trials are ongoing, with minimal published results available, and nearly
all use HCQ. It is worthy to note that CQ or HCQ are lysosomotropic agents that act at the
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level of the lysosome by inhibiting acidification, thereby impairing autophagosome degrada‐
tion. These clinical trials were initiated based on the fact that autophagy is induced in a variety
of tumor cells and preclinical models by several types of chemotherapeutic agents as a survival
mechanism. Because only a subpopulation of tumor cells undergo autophagy, it is unlikely
that autophagy inhibitors are used in cancer therapy as single agent. Indeed, most of these
clinical trials used HCQ in combination with other anti-cancer therapies. While these preclin‐
ical data are generally supportive of incorporating anti-autophagy therapies in cancer
treatment trials, it has been observed, in some circumstances, that inhibition of autophagy
decreases therapeutic efficacy. Understanding the circumstances in which autophagy inhibi‐
tion impairs the therapeutic effect will be of great importance. Importantly, while CQ and HCQ
are effective inhibitors of autophagy in vitro, whether they will do so at doses used in current
clinical trials is still uncertain. An important issue related to the use of these autophagy
inhibitors concerns the micromolar concentration that is required to inhibit autophagy and
show anti-tumor efficacy in preclinical models. While this is theoretically achievable at
tolerated doses after prolonged dosing, it should be better optimized in clinic [133, 134]. Trials
combining HCQ as neoadjuvant treatment will provide tumor tissues available for analysis
both before and after HCQ treatment. However, the effectiveness of HCQ in the inhibition of
autophagy still proves difficult, as HCQ is often combined with other therapies (chemotherapy
and radiotherapy) that are also known to modulate autophagy. Alternative biomarkers to
predict for autophagy activation as well as autophagy dependence are currently an area of
intense investigation [135]. A recently reported phase I trial of HCQ in combination with
adjuvant temozolomide and radiation in patients with glioblastoma found that the maximum
tolerated dose of HCQ was 600 mg per day, and this dose achieved concentrations of HCQ
required for autophagy inhibition in preclinical studies. In this trial, investigators observed a
dose-dependent inhibition of autophagy, as indicated by increases in autophagic vesicles
(revealed by electron microscopy), and detected elevations in LC3-II in peripheral blood
mononuclear cells. In addition, in a phase I trial of 2-deoxyglucose, an agent that blocks glucose
metabolism, autophagy occurred in association with a reduction in p62/SQSTM1 in peripheral
blood mononuclear cells [136]. These data suggest the potential interest of such biomarkers in
the evaluation of autophagy modulation during therapy and in the correlation with treatment
outcome [137].

CQ inhibits the last step of autophagy at the level of the lysosome, thereby impacting lysosomal
function. Therefore, its effects are not entirely specific to autophagy. Currently, there is a great
deal of interest in developing new inhibitors of autophagy. In this regards, and given the
complexity of the autophagic process, multiple proteins involved in this process could be good
candidates for developing others autophagy inhibitors. It is likely that kinases would be prime
candidates for inhibition such as Vps34, a class III PI3K, which has a critical early role in
autophagosome development. This is particularly attractive, as there has been significant
success in designing effective class I PI3K inhibitors [138]. However, one potential issue which
needs to be considered is that Vps34 has roles in other aspects of endosome trafficking, and
this may lead to unwanted effects and toxicity [139]. The mammalian orthologs of yeast ATG1,
ULK1/2, which acts downstream from AMPK and the TOR complex, have been recently shown
as critical proteins for autophagy activation [140-142]. Others potential targets for autophagy
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cancer stem cells resistance to ionizing radiation and other anti- cancer treatments [125]. Thus,
in malignant gliomas, the CD133+ cancer stem cells express higher levels of the autophagic
proteins LC3, Atg5, and Atg12. In addition, ionizing radiation seems to induce autophagy only
in CD133+ cancer stem cells compared to CD133- counterpart [126]. Furthermore, glioma cells
treated with autophagy inhibitors exhibit more extensive DNA double-strand breaks than cells
treated with radiation alone [127]. We have recently demonstrated that autophagy induction
in tumor cells under hypoxia decrease the tumor cell killing by cytotoxic T lymphocytes.
Furthermore, we provided evidence that simultaneously boosting the immune system by
vaccination and inhibiting autophagy may improve cancer immunotherapy [75, 76].

While the general consensus is that autophagy inhibition is an effective strategy for cancer
therapy, some drugs that are being used in the clinic induce autophagy. In most cases, however,
it has not been proven that these drugs induce death via the autophagy pathway. Indeed, for
many of these drugs it is hypothesized that combining them with autophagy inhibitors may
improve their efficacy.

2. Autophagy as a target for anti-cancer therapies

Evidence indicated that the modulation of autophagy is an important component of tumori‐
genesis, making it a possible therapeutic target. Pharmacological inhibitors of autophagy can
be broadly classified as early- or late-stage inhibitors of the pathway. Early-stage inhibitors
include 3-methyadenine, wortmannin, and LY294002, which target the class III PI3K (Vps34)
and interfere with its recruitment to the membranes. Late-stage inhibitors include the antima‐
larial drugs chloroquine (CQ), hydroxychloroquine (HCQ), bafilomycin A1, and monensin.
Bafilomycin A1 is a specific inhibitor of vacuolar-ATPase [128], and monensin and CQ/HCQ
are lysosomotropic drugs that prevent the acidification of lysosomes, whose digestive
hydrolases depend on low pH. Since autophagosomes and lysosomes move along microtu‐
bules, microtubule-disrupting agents (taxanes, nocodazole, colchicine, and vinca alkaloids)
can also inhibit the fusion of autophagosomes with lysosomes. Other inhibitors of autophagy
that block autophagosome degradation include the tricyclic antidepressant drug clomipra‐
mine and the anti-schistome agent lucanthone [129, 130]. Of the known autophagy inhibitors
outlined above, only CQ and HCQ have been evaluated in humans, because they are com‐
monly used as antimalarial drugs and in autoimmune disorders. These drugs cross the blood-
brain barrier, and HCQ is preferred to CQ in humans because of its more favorable side-effects
profile [131]. Quinacrine, which also has been used in patients as an anti-malarial, has been
shown to inhibit autophagy similarly to CQ. In fact, quinacrine showed greater cytotoxicity in
gastrointestinal stromal tumor (GIST) cell lines treated with imatinib than CQ [132], and
therefore this may be a promising anti-autophagy agent for future clinical trials.

Currently, there are nearly 20 clinical trials registered in the National Cancer Institute
(www.cancer.gov/clinicaltrials) exploring anti-autophagy strategies in a variety of human
cancers. Most of these trials are ongoing, with minimal published results available, and nearly
all use HCQ. It is worthy to note that CQ or HCQ are lysosomotropic agents that act at the
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level of the lysosome by inhibiting acidification, thereby impairing autophagosome degrada‐
tion. These clinical trials were initiated based on the fact that autophagy is induced in a variety
of tumor cells and preclinical models by several types of chemotherapeutic agents as a survival
mechanism. Because only a subpopulation of tumor cells undergo autophagy, it is unlikely
that autophagy inhibitors are used in cancer therapy as single agent. Indeed, most of these
clinical trials used HCQ in combination with other anti-cancer therapies. While these preclin‐
ical data are generally supportive of incorporating anti-autophagy therapies in cancer
treatment trials, it has been observed, in some circumstances, that inhibition of autophagy
decreases therapeutic efficacy. Understanding the circumstances in which autophagy inhibi‐
tion impairs the therapeutic effect will be of great importance. Importantly, while CQ and HCQ
are effective inhibitors of autophagy in vitro, whether they will do so at doses used in current
clinical trials is still uncertain. An important issue related to the use of these autophagy
inhibitors concerns the micromolar concentration that is required to inhibit autophagy and
show anti-tumor efficacy in preclinical models. While this is theoretically achievable at
tolerated doses after prolonged dosing, it should be better optimized in clinic [133, 134]. Trials
combining HCQ as neoadjuvant treatment will provide tumor tissues available for analysis
both before and after HCQ treatment. However, the effectiveness of HCQ in the inhibition of
autophagy still proves difficult, as HCQ is often combined with other therapies (chemotherapy
and radiotherapy) that are also known to modulate autophagy. Alternative biomarkers to
predict for autophagy activation as well as autophagy dependence are currently an area of
intense investigation [135]. A recently reported phase I trial of HCQ in combination with
adjuvant temozolomide and radiation in patients with glioblastoma found that the maximum
tolerated dose of HCQ was 600 mg per day, and this dose achieved concentrations of HCQ
required for autophagy inhibition in preclinical studies. In this trial, investigators observed a
dose-dependent inhibition of autophagy, as indicated by increases in autophagic vesicles
(revealed by electron microscopy), and detected elevations in LC3-II in peripheral blood
mononuclear cells. In addition, in a phase I trial of 2-deoxyglucose, an agent that blocks glucose
metabolism, autophagy occurred in association with a reduction in p62/SQSTM1 in peripheral
blood mononuclear cells [136]. These data suggest the potential interest of such biomarkers in
the evaluation of autophagy modulation during therapy and in the correlation with treatment
outcome [137].

CQ inhibits the last step of autophagy at the level of the lysosome, thereby impacting lysosomal
function. Therefore, its effects are not entirely specific to autophagy. Currently, there is a great
deal of interest in developing new inhibitors of autophagy. In this regards, and given the
complexity of the autophagic process, multiple proteins involved in this process could be good
candidates for developing others autophagy inhibitors. It is likely that kinases would be prime
candidates for inhibition such as Vps34, a class III PI3K, which has a critical early role in
autophagosome development. This is particularly attractive, as there has been significant
success in designing effective class I PI3K inhibitors [138]. However, one potential issue which
needs to be considered is that Vps34 has roles in other aspects of endosome trafficking, and
this may lead to unwanted effects and toxicity [139]. The mammalian orthologs of yeast ATG1,
ULK1/2, which acts downstream from AMPK and the TOR complex, have been recently shown
as critical proteins for autophagy activation [140-142]. Others potential targets for autophagy
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inhibitors would be LC3 proteases such as ATG4b, which are necessary for LC3 processing.
However, whichever approach is taken, the delicate balance between potency and toxicity
must be determined to achieve a clinical success. While there are still uncertainties of how
autophagy inhibition will fare as an anti-cancer therapy, the preclinical data generally support
this approach. The current clinical trials will hopefully provide insight into whether this will
be a viable therapeutic paradigm [135].
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inhibitors would be LC3 proteases such as ATG4b, which are necessary for LC3 processing.
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must be determined to achieve a clinical success. While there are still uncertainties of how
autophagy inhibition will fare as an anti-cancer therapy, the preclinical data generally support
this approach. The current clinical trials will hopefully provide insight into whether this will
be a viable therapeutic paradigm [135].
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1. Introduction

Autophagy is a cellular stress-adaptive process in which double-membrane structures called
autophagosomes engage in protein degradation, cellular differentiation, apoptosis and antigen
processing, and are recycled to sustain cellular metabolism [1-11]. It is a self-digesting
mechanism responsible for removal of long-lived proteins and damaged organelles by
lysosomes, and opposing roles in cell death and survival have been described for autophagy.

Autophagy is a multifaceted process, and alterations in autophagic signaling pathways are
frequently observed in cancer. Cancer is a disease generated by mutation, selection and
genome instability in the resulting tumor tissue, and is considered to be the second leading
cause of death in western countries after heart disease [12, 13]. Autophagy can be activated by
various stimuli including hypoxia during the tumor formation [14]. One hypothetical mech‐
anism is that autophagy promotes tumor cell survival in response to diverse stresses [15].
Furthermore, autophagy spatially and temporally regulates tumor development by suppress‐
ing tumor growth through regulating cell proliferation in the early stages of tumorigenesis
[16]. Conversely, when autophagy is reduced, it contributes to tumor formation and growth
by the breakdown of tumor cells following autophagy-related cell death, leading to tumor cell
survival [17]. There is a controversy about the roles of autophagy in cancer [1, 3, 18]. In this
review, we outline the multiple roles of autophagy in cancer, including gene expression, gene
mutation, and chemotherapy.

2. Autophagy-related genes in cancer

2.1. ATG genes

Most recently, molecular genetic analyses have focused on the function of autophagy-related
gene (ATG) products. ATG products are implicated in autophagosome formation and associat‐
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ed pathways. In humans, there are more than 30 known ATG genes, some of which have
mononucleotide repeats with seven or more nucleotides. Of the many genes associated with
autophagy, ATG genes are the main regulators and implementers of the autophagy process [19].

Beclin-1 (encoded by BECN1 gene, a mammalian orthologue of yeast Atg6) protein, a compo‐
nent of PI3-kinase complexes, is a key regulator in the vesicle nucleation process of autophagic
programmed cell death [20-22].The role of autophagy in tumor suppression is known to be as
a result of allelic loss of the essential autophagy genes. Beclin-1 and Beclin-1+/− mice were shown
to be tumor prone, indicating that BECN1 is a haploinsufficient tumor suppressor gene [20,
21], and allelic deletion and point mutations of BECN1 gene and loss of Beclin-1 expression is
found with high frequency in human breast, ovarian and prostate cancers [22, 23]. Lee et al.
detected 11 somatic mutations of the BECN1 gene, including three missense mutations (N8K,
P350R and R389C) in coding sequences and eight mutations in introns [24]. These mutations
were observed in five gastric, three colorectal, one lung and one breast carcinoma. However,
the expression of Beclin-1 is known to be upregulated in colon and gastric cancers [25]. It also
reported that Atg4C-deficient mice are prone to tumors [26].

Frameshift mutations of genes with mononucleotide repeats are features of cancers with
microsatellite instability (MSI). Mononucleotide repeat frameshift mutations in ATG genes are
common in gastric and colorectal carcinomas with high MSI, and possibly contribute to cancer
development by deregulating the autophagy process. Kang et al. detected truncation muta‐
tions of three genes (ATG2B; c.3120delA, ATG5; c.704delA and ATG9B; c.293delC) in high MSI
cancers (gastric and colorectal) by single-strand conformation polymorphism analysis [27]. In
particular, ATG5 is a protein involved in the early stage of autophagosome formation [18, 28].
ATG5 high expression was altered in prostate cancers and other data showed a low incidence
of ATG5 mutations in gastric hepatocellular, and colorectal cancers with MSI [29, 30]. It is
important to identify the expression and mutation status of a gene in cancers to understand
its role in cancer development. These frameshift mutations or SNPs in ATG genes may alter
the autophagic cell death in cancers and might contribute to the pathogenesis of human
cancers.

2.2. UVRAG

As an ATG-related gene, the ultraviolet (UV) radiation resistance-associated gene (UVRAG) was
initially identified as a gene that is responsible for the partial complementation of UV sensitiv‐
ity in xeroderma pigmentosum cells, and binds with Beclin-1/PI3-kinase and Bif-1, a Bax
activator to induce autophagy formation and suppress the tumorigenic activity of cancer cells
[31, 32]. It has been reported that UVRAG exon 8 frameshift mutations containing c.709delA or
c.708_709delAA mutations were found in gastric and colorectal cancers with MSI [33, 34].

2.3. IRGM

In the autophagy pathway, the immunity-related guanosine triphosphatase (GTPase) family,
M (IRGM), plays a central function and appears to have an important role in the activation of
the pathway. IRGM is located on chromosome 5q33.1, and its mRNA transcripts can be found
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in five different 3′-splicing isoforms [35, 36]. Recent evidence indicates that variants of the
IRGM locus, especially those in the promoter region, may be correlated with differential
expression, and consequently the efficacy of autophagy is affected by alterations in IRGM
regulation [36-38]. IRGM has two major SNPs (rs13361189 and rs4958847) associated with
chronic inflammatory digestive diseases. It is not known exactly why IRGM rs4958847 but not
rs13361189 polymorphism has reported to influence susceptibility to gastric cancer [39].

2.4. RASSF1

The RAS association domain family 1A (RASSF1A) is one of the most epigenetically silenced
elements in human cancers. The tumor suppressor gene, RASSF1A, has been reported to play
a role in diverse activities including cell cycle regulation, apoptosis and modulation of
autophagy or genomic instability [40]. It is also associated with epigenetic silencing of other
proteins including that of death-associated protein kinase (DAPK) [41-44]. DAPK is a unique
calcium/calmodulin-activated serine/threonine kinase involved in autophagy-related signal‐
ing pathways [45-48]. RASSF1A can also promote cell death utilizing the association with the
anaphase promoting complex protein cdc20 and the autophagic protein, C19ORF5/MAP1S
[49]. Expression of the longer isoform of RASSF1A (39 kDa predicted peptide) is lost or
downregulated in many lung tumor lines [50, 51]. Agatheanggelou et al. also reported that
RASSF1A inactivation by methylation and loss is a critical step in lung cancer [52]. Epidemio‐
logical studies have identified an association between the RASSF1A A133S polymorphism and
cancer risk including breast cancer, lung cancer, and hepatocellular carcinoma [53-57].
Moreover, several studies have shown that expression loss by promoter-specific hypermethy‐
lation of RASSF1A is one of the most common early events in hepatocellular carcinoma that
play important roles in tumorigenesis and metastasis of hepatocellular carcinoma [58, 59].
A133S and S131F polymorphisms resulted in the lost ability of RASSF1A to inhibit growth and
cyclin D1 expression, suggesting an important role in tumor suppression [60, 61]. Moreover,
Gordon et al. reported that E246K, C65R, R257Q RASSF1A polymorphisms were related to
tumor suppressor function [62]. Additional evidence suggests that RASSF1C may be a tumor
suppressor gene in prostate and renal carcinoma cells but not in lung cancer cells [63]. It has
reported that the loss of RASSF1C results in the downregulation of proliferation of lung and
breast cancer cells, suggesting a prosurvival role for RASSF1C [64-66]. Recently, it has been
suggested that a possible pathogenic role for RASSF1C in cancer may exist, as its expression
was more than 11-fold greater in pancreatic endocrine tumors than in normal tissue [67].

2.5. NOD2

The nucleotide-binding oligomerization domain-containing protein 2 (NOD2) is a member of
the Nod-like receptor family and associates with the cell surface membrane. NOD2 activation
controls the induction of autophagy, or apoptosis [68-70]. Four major NOD2 single nucleotide
polymorphisms are correlated with increased risk of colorectal cancer, and a possible associ‐
ation of the NOD2 P268S polymorphism with rectal and gastric cancers has been identified
[71-78]. A recent meta-analysis also provided good evidence that NOD2 R702W, G908R, and
most significantly, 3020insC, polymorphisms were associated with increased risk of colorectal
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cancer [79]. Other studies also found significant associations with laryngeal, lung, and ovarian
cancers [80, 81]. In contrast, Suchy et al. found the association of the TNFα-1,031 T/T genotype
and NOD2 3020insC polymorphism may act as a modifier to reduce colorectal cancer risk [82].
Further research of NOD2 polymorphisms and gene–gene interactions will provide a more
comprehensive insight into the associations described here.

3. Analysis of autophagy by immunohistochemistry

Recently, the role of autophagy in cancer development and progression has been investigated
using immunohistochemistry. Immunohistochemical methods have been developed that
supplement the detection of autophagy via genetic analyses. Many antibodies for autophagy
detection are routinely used for immunohistochemistry against proteins involved in autoph‐
agy pathways [83-86] (Table 1).

Antibody ref. No

LC3 (rabbit polyclonal antibody) [86]

Source; (1: x, dilution rate) Medical & Biological Laboratories, Japan

Antigen retrieval method
Pressure cooker (110C-120C) for 10 min;

10 mM citrate buffer, pH 6.0

Sample type
Formalin-fixed, paraffin-embedded

specimens

Staining pattern Invariably granular cytoplasmic staining

LC3 [100]

Source; (1: x, dilution rate) Novus Biologicals, USA; (1:400)

Antigen retrieval method
High temperature and pressure, citrate

buffer

Sample type
Formalin-fixed, paraffin-embedded

specimens

Staining pattern Cytoplasmic staining

Beclin-1 (rabbit monoclonal antibody) [95]

Source; (1: x, dilution rate) Abcam, UK; (1:100)

Antigen retrieval method
Microwave oven for 15 min, 10 mM citrate

buffer, pH 6

Sample type
Formalin-fixed, paraffin-embedded
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Antibody ref. No

Sample type
Formalin-fixed, paraffin-embedded

specimens

Staining pattern

Membrane-plasma, cytoplasm and nucleus

in the cancer cells and no or modest

staining in the adjacent noncancerous

tissue

Beclin-1 (rabbit polyclonal antibody) [25]

Source; (1: x, dilution rate) Novus Biologicals, USA

Antigen retrieval method

Pressure cooker inside a microwave oven

at 700 W for 30 min, 10 mM citrate buffer,

pH 6.0

Sample type

Microarray recipient block was constructed

containing paraffin-embedded colorectal

adenocarcinoma tissue samples from 103

archival patient specimens

Staining pattern Cytoplasmic staining
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Source; (1: x, dilution rate) Cell Signaling, USA; (1:100)

Antigen retrieval method
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Antigen retrieval method
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pH 6.0

Sample type
Formalin-fixed, paraffin-embedded

specimens

Staining pattern Cytoplasmic and/or nuclear

Table 1. Immunohistochemical analysis of autophagy-related proteins.
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cancer [79]. Other studies also found significant associations with laryngeal, lung, and ovarian
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pH 6
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3.1. Proteins involved in autophagy

3.1.1. LC3

Microtubule-associated protein 1 light chain 3 (LC3) is an autophagosomal orthologue of yeast
ATG8, with approximately 30% amino acid homology [87, 88]. LC3 is a specific marker of
autophagosome formation. LC3-I is localized to the cytoplasm, whereas LC3-II binds to
autophagosomes [89].

3.1.2. Beclin-1 (ATG6)

Beclin-1 is a mammalian homolog of the yeast ATG6 protein. The expression of Beclin-1 protein
has been reported in tumor tissues such as breast, ovarian, prostate, lung, brain, stomach and
colorectum [25, 90]. Beclin-1 was found to be deregulated in human cancers and may play a
role in the tumorigenesis and/ or progression of human cancers [21, 91]. It is required for
autophagic induction and is a haploinsufficient tumor suppressor.

3.1.3. ATG5

ATG5 is a key regulator of autophagic and apoptotic cell death, and is involved in the early
stages of autophagosome formation [18, 28]; binding of ATG5 with ATG12 contributes to
autophagosome formation, which sequesters cytoplasmic materials before lysosomal delivery
[18]. It is suggested that ATG5 is involved in both apoptotic and autophagic cell death [92].

3.1.4. Bax-interacting factor -1

Bax-interacting factor-1 (Bif-1) protein is a member of the endophilin B family, which plays a
critical role in cell death, including autophagy and apoptosis. Loss of Bif-1 suppresses
programmed cell death and promotes tumorigenesis [93, 94].

3.1.5. GABARAP

Gamma-aminobutyric acid type A receptor-associated protein (GABARAP) is one of the
mammalian homologue of yeast ATG8. It is involved in autophagosome formation during
autophagy and was first identified in the brain, but is widely expressed in a variety of normal
tissues. Recent reports have suggested that GABARAP is an essential component of autophagic
vacuoles in addition to its role as an intracellular trafficking molecule [87,88].

3.2. Expression of autophagy-related proteins in gastrointestinal cancers

Resent reports have demonstrated the expression of autophagy-related proteins in gastroin‐
testinal carcinomas. Chen et al. examined the expression levels of Beclin1 in gastric carcinomas
and adjacent normal gastric mucosal tissues by immunohistochemistry. According to their
results, high levels of Beclin-1 expression were observed in 90/155 (58.1%) of gastric carcino‐
mas, in 24/60 (40.0%) of adjacent mucosal tissues and in 13/30 (43.3%) of normal gastric mucosa
tissues (P=0.036). Decreased expression of Beclin-1 in cancer cells was significantly correlated

Autophagy - A Double-Edged Sword - Cell Survival or Death?222

with poor differentiation, nodal and distant metastasis, advanced TNM stage, and tumor
relapse. More importantly, decreased expression of Beclin-1 was associated with shorter
survival as evidenced by univariate and multivariate analysis. Chen et al. concluded that
decreased expression of Beclin-1 in gastric carcinoma may be important in the acquisition of
a metastatic phenotype, suggesting that decreased Beclin-1 expression, as examined by
immunohistochemistry, is an independent biomarker for poor prognosis of patients with
gastric carcinoma [95].

In contrast, using a tissue microarray approach, Ahn et al. investigated Beclin-1 protein
expression in 103 colorectal and 60 gastric carcinoma tissues by immunohistochemistry. The
expression of Beclin-1 was detected in 50/60 (83%) of gastric carcinomas and 98/103 (95%) of
colorectal carcinomas. Conversely, the normal mucosal cells of both the stomach and colon
showed no or very weak expression of Beclin-1. There was no significant association of Beclin-1
expression with clinicopathological characteristics, including invasion, metastasis and stage.
Their data indicate that Beclin-1 inactivation by loss of expression may not occur in colorectal
and gastric cancers. Rather, increased expression of Beclin-1 in the malignant colorectal and
gastric epithelial cells compared with their normal mucosal epithelial cells suggests that neo-
expression of Beclin-1 may play a role in both colorectal and gastric tumorigenesis [25].

An et al. analyzed ATG5 protein expression by immunohistochemistry and ATG5 somatic
mutations by single-strand conformation polymorphism in cancer cells and the normal
mucosal cells of gastrointestinal tissues. Their results showed that ATG5 protein was well
expressed in normal stomach, colon, and liver epithelial cells, while it was lost in 21/100 (21%)
of gastric carcinomas, 22/95 (23%) of colorectal carcinomas, and 5/50 (10%) of hepatocellular
carcinomas. Furthermore, such loss of ATG5 expression was observed in the cancers irrespec‐
tive of the histological subtypes and TNM stages. Also, they found that only 1.5% (2/135) of
these cancers harbored ATG5 mutations. They suggested that loss of ATG5 expression may
play a role in the pathogenesis of some gastric and colorectal cancers [30].

Colorectal carcinoma is one of the most common cancers in the world and the incidence rate
is rising. Miao et al. performed experiments to investigate a possible correlation between
GABARAP expression in colorectal carcinoma and clinicopathological parameters, including
patient survival times. Their results showed that the expression of GABARAP protein was
significantly higher in colorectal cancers (51.5%) than the adjacent matched non-tumor tissues
(33.0%), and overexpression of GABARAP was significantly correlated with a low grade of
differentiation and shortened overall survival. They described GABARAP protein expression
as a new prognosis marker in colorectal carcinoma [96].

Li  et  al.  analyzed  the  expression  of  Beclin-1  protein  in  stage  IIIB  colon  carcinoma  by
immunohistochemistry  and  correlated  it  with  survival.  Their  results  showed  Beclin-1
immunostaining was distributed in the plasma membrane, cytoplasm and nuclei of tumor
cells in 98/115 cases (85.2%). Modest or no Beclin-1 expression was observed in adjacent
non-cancerous tissues. Higher levels of Beclin-1 expression were strongly associated with
longer survival.  Both univariate  analysis  and multivariate  analysis  showed that  Beclin-1
expression  levels  and  invasive  depth  of  primary  mass  (T  stage)  were  independent
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gastric epithelial cells compared with their normal mucosal epithelial cells suggests that neo-
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tive of the histological subtypes and TNM stages. Also, they found that only 1.5% (2/135) of
these cancers harbored ATG5 mutations. They suggested that loss of ATG5 expression may
play a role in the pathogenesis of some gastric and colorectal cancers [30].

Colorectal carcinoma is one of the most common cancers in the world and the incidence rate
is rising. Miao et al. performed experiments to investigate a possible correlation between
GABARAP expression in colorectal carcinoma and clinicopathological parameters, including
patient survival times. Their results showed that the expression of GABARAP protein was
significantly higher in colorectal cancers (51.5%) than the adjacent matched non-tumor tissues
(33.0%), and overexpression of GABARAP was significantly correlated with a low grade of
differentiation and shortened overall survival. They described GABARAP protein expression
as a new prognosis marker in colorectal carcinoma [96].

Li  et  al.  analyzed  the  expression  of  Beclin-1  protein  in  stage  IIIB  colon  carcinoma  by
immunohistochemistry  and  correlated  it  with  survival.  Their  results  showed  Beclin-1
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longer survival.  Both univariate  analysis  and multivariate  analysis  showed that  Beclin-1
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prognostic  factors.  They  suggested  that  Beclin-1  is  a  favorable  prognostic  biomarker  in
locally advanced colon carcinomas [97].

Bif-1 protein plays a critical role in cell death, including autophagy and apoptosis. Coppola et
al. examined Bif-1 expression level in colorectal carcinoma using semiquantitative immuno‐
histochemistry and microarray analysis of archival specimens. Bif-1 expression was negative
in 23/102 (22.5%) of colorectal carcinomas. Moderate to strong Bif-1 staining was identified in
37/102 (36.3%) of the tumors, and weak staining was noted in 42/102 (41.2%). Moderate to
strong Bif-1 immunoreactivity was shown in 26/38 (68.4%) normal colorectal mucosa, and none
were negative. In 12/38 (31.6%) cases, the normal colorectal mucosa demonstrated weak Bif-1
stain. The mean staining scores (intensity and percentage of positively stained cells) for
colorectal carcinomas and normal colorectal mucosa differed significantly (P=0.0003). The
percentage of cases with negative expression also differed significantly between normal
colorectal mucosa and colorectal carcinoma (P=0.002). Decreased Bif-1 expression in colorectal
carcinomas was confirmed at the mRNA level by microarray analysis. They concluded Bif-1
was downregulated during the transition from normal colorectal mucosa to colorectal
adenocarcinoma, a novel finding in agreement with the tumor suppressor function of Bif-1 [98].

LC3 is a one of the most useful markers of autophagy. Yoshioka et al. evaluated LC3 expression
in gastrointestinal cancers by immunohistochemistry to elucidate the role of autophagy in
human cancer development. LC3 expression was compared with Ki-67 staining and expression
of carbonic anhydrase IX, a hypoxic marker. LC3 was expressed in the cytoplasm of cancer
cells, but not in non-cancerous epithelial cells. Furthermore, high expression of LC3 was
observed in 56/106 (53%) of esophageal, 22/38 (58%) of gastric and 12/19 (63%) of colorectal
cancers. The immunoreactive score (intensity and percentage of positively stained cells) of LC3
gradually increased during the early stages of esophageal carcinogenesis in low- and high-
grade intraepithelial neoplasia and T1 carcinoma, but did not change in later cancer progres‐
sion (T2–T4 carcinomas). In early esophageal carcinogenesis, LC3 expression correlated with
the Ki-67 labeling index (P=0.0001), but showed no significant association with carbonic
anhydrase IX expression. In esophageal cancers, LC3 expression did not correlate with various
clinicopathological factors, including survival. LC3 is also upregulated in various gastroin‐
testinal cancers and is partly associated with Ki-67 index. Their results suggest that LC3
expression is advantageous to cancer development, especially in early-phase carcinogenesis.
Taken together, these findings suggest that LC3 expression is advantageous to cancer devel‐
opment in early phase of carcinogenesis [99].

Ahn et al. reported that Beclin-1 expression was detected in 95% of colorectal carcinomas
examined. In contrast, normal mucosal cells of colon showed no or very weak expression of
Beclin-1. There was no significant association of Beclin-1 expression with clinicopathological
characteristics, including invasion, metastasis and stage [25].

Guo et al. performed experiments to investigate the utility of Beclin-1 and LC3, in predicting
the efficiency of cetuximab in the treatment of advanced colorectal cancer. Their results showed
that Beclin-1 and LC3 expression was significantly correlated (r=0.44, P<0.01), and patients
with low Beclin-1 expression had longer progression-free survival than those with high
Beclin-1 expression [100].
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4. Autophagy in cancer chemotherapy

One of the standard modalities for treatment of patients with cancer is chemotherapy.
Cytotoxic drug treatment often triggers autophagy, particularly in apoptosis-defective cells,
and this excessive cellular damage combined with attempts to remediate that damage through
progressive autophagy can promote autophagic cell death [101]. Platinum-containing cisplatin
is one of the most extensively used chemotherapeutic agents, and remains the first-line
treatment in various types of cancer [102]. Cisplatin-based chemotherapy frequently resulted
in acquired resistance of cancer cells. Sirichanchuen et al. indicated that the levels of LC3-
related autophagy were significantly lower in cisplatin resistant cells, and autophagosome
formation was dramatically reduced in the resistant cells [103]. Patients with low LC3 expres‐
sion had a higher objective response rate amongst advanced colorectal cancer patients treated
with cetuximab-containing chemotherapy [100]. Expression of ATG5 sensitizes tumor cells to
chemotherapy, but its silencing results in resistance to cisplatin therapy combined with AKT
inhibitor treatment, thus revealing a key role for autophagy in chemoresistance [92]. Auto‐
phagic cell death is activated in cancer cells that are derived from different tissues in response
to anticancer therapies [101, 104]. Combination therapy with erlotinib and cisplatin is an
effective treatment against erlotinib-resistant cancer by targeting (downregulating) ATG3-
mediated autophagy and induction of apoptotic cell death. Autophagy may delay apoptotic
cell death caused by DNA-damaging agents and hormonal therapies such as tamoxifen. On
the contrary, autophagy has a role as a cell survival pathway. Therefore, autophagy is also
induced as a protective and survival mechanism. A major regulator of autophagy is the
mammalian target of rapamycin (mTOR) pathway, which consists of two distinct signaling
complexes known as mTORC1 and mTORC2 [105]. Thus, results all suggest the role of
autophagy in attenuation of chemotherapy-induced cell death or survival.

5. Conclusion

Autophagy is involved in metabolism, cell-death, stress response and carcinogenesis. Several
key autophagic mediators containing ATG-related proteins, LC3, Bif-1, GABARAP, UVRAG,
IRGM, RASSF1, or NOD2, play pivotal roles in autophagic signaling networks in cancer. By
these tumor-suppressive mechanisms in early-stage carcinogenesis, autophagy promotes
genomic stability in carcinomas, and possibly contributes to cancer development.

Furthermore, immunohistochemical methods have been developed that supplement the
detection of autophagy via genetic analyses. These are especially important since diagnosis of
autophagic vacuoles using the classical method of electron microscopy is time-consuming,
labor-intensive and costly. Many antibodies for autophagy detection are routinely used for
immunohistochemistry. These autophagosomes then fuse with lysosomes to generate autoly‐
sosomes. Therefore, LC3 is an efficient and reliable marker for the detection of autophagosome
formation.

Autophagy or ‘self-eating’ is frequently activated in tumor cells treated with chemotherapy.
In cancer therapy, adaptive autophagy in cancer cells sustains tumor growth and survival in
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in gastrointestinal cancers by immunohistochemistry to elucidate the role of autophagy in
human cancer development. LC3 expression was compared with Ki-67 staining and expression
of carbonic anhydrase IX, a hypoxic marker. LC3 was expressed in the cytoplasm of cancer
cells, but not in non-cancerous epithelial cells. Furthermore, high expression of LC3 was
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Taken together, these findings suggest that LC3 expression is advantageous to cancer devel‐
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examined. In contrast, normal mucosal cells of colon showed no or very weak expression of
Beclin-1. There was no significant association of Beclin-1 expression with clinicopathological
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these tumor-suppressive mechanisms in early-stage carcinogenesis, autophagy promotes
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Furthermore, immunohistochemical methods have been developed that supplement the
detection of autophagy via genetic analyses. These are especially important since diagnosis of
autophagic vacuoles using the classical method of electron microscopy is time-consuming,
labor-intensive and costly. Many antibodies for autophagy detection are routinely used for
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sosomes. Therefore, LC3 is an efficient and reliable marker for the detection of autophagosome
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Autophagy or ‘self-eating’ is frequently activated in tumor cells treated with chemotherapy.
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the face of the toxicity of cancer therapy. However, in certain circumstances, autophagy
mediates the therapeutic effects of some anticancer agents. During tumor development and in
cancer therapy, autophagy has been reported to have paradoxical roles in promoting both cell
survival and cell death.

Autophagy may play a variety of physiological roles in cancer progression at each stage in
various cancers. Further investigations are required to clarify the biological role of autophagy-
related proteins so as to estimate their potential value in the diagnosis and treatment of cancer.
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the face of the toxicity of cancer therapy. However, in certain circumstances, autophagy
mediates the therapeutic effects of some anticancer agents. During tumor development and in
cancer therapy, autophagy has been reported to have paradoxical roles in promoting both cell
survival and cell death.

Autophagy may play a variety of physiological roles in cancer progression at each stage in
various cancers. Further investigations are required to clarify the biological role of autophagy-
related proteins so as to estimate their potential value in the diagnosis and treatment of cancer.
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Chapter 11

Regulation of Autophagy by
Short Chain Fatty Acids in Colon Cancer Cells
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Additional information is available at the end of the chapter
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1. Introduction

Short chains fatty (SCFAs) acids are organic fatty acids that are the major products of bacterial
fermentation of undigested dietary fiber and resistant starch in the colon. Propionate, acetate
and butyrate are the main SCFAs produced from fermentation and serve as fuel for colono‐
cytes. SCFAs serve as regulators of intracellular pH, cell volume, and other functions associ‐
ated with ion transport. Moreover, SCFAs act as regulators of proliferation, differentiation and
gene expression. Our recent studies reported that SCFAs promote autophagy in colon cancer
cells. In this chapter, the regulation of autophagy by short chain fatty acids in colon cancer
cells will be discussed in details including the mechanism of action.

2. Short chain fatty acids and the colon

Short chain fatty acids are organic fatty acids with 1 to 6 carbon atoms and the major products
of bacterial fermentation in the human large intestine. Those are mostly derived from poly‐
saccharides, oligosaccharides, proteins, peptides and glycoproteins precursors by anaerobic
microorganisms [1]. Diets high in fiber, resistant starches and complex carbohydrates lead to
an increase in the levels of SCFAs. The principal SCFA involved in mammalian physiology
are acetate c2, propionate c3 and butyrate c4. Formate, valerate, caproate, lactate and succinate
are other fermentation products which are produced but to a lesser extent [2]. The scope of
this chapter will be limited to propionate, butyrate and acetate.

In the colon, short chain fatty acids are absorbed at the same time as sodium and water
absorption. Two mechanisms of absorption have been proposed. During diffusion of protonat‐
ed SCFAs, luminal protons (Na+/H+ exchange, K+ H+-ATPase or bacterial metabolic activity)
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1. Introduction

Short chains fatty (SCFAs) acids are organic fatty acids that are the major products of bacterial
fermentation of undigested dietary fiber and resistant starch in the colon. Propionate, acetate
and butyrate are the main SCFAs produced from fermentation and serve as fuel for colono‐
cytes. SCFAs serve as regulators of intracellular pH, cell volume, and other functions associ‐
ated with ion transport. Moreover, SCFAs act as regulators of proliferation, differentiation and
gene expression. Our recent studies reported that SCFAs promote autophagy in colon cancer
cells. In this chapter, the regulation of autophagy by short chain fatty acids in colon cancer
cells will be discussed in details including the mechanism of action.

2. Short chain fatty acids and the colon

Short chain fatty acids are organic fatty acids with 1 to 6 carbon atoms and the major products
of bacterial fermentation in the human large intestine. Those are mostly derived from poly‐
saccharides, oligosaccharides, proteins, peptides and glycoproteins precursors by anaerobic
microorganisms [1]. Diets high in fiber, resistant starches and complex carbohydrates lead to
an increase in the levels of SCFAs. The principal SCFA involved in mammalian physiology
are acetate c2, propionate c3 and butyrate c4. Formate, valerate, caproate, lactate and succinate
are other fermentation products which are produced but to a lesser extent [2]. The scope of
this chapter will be limited to propionate, butyrate and acetate.

In the colon, short chain fatty acids are absorbed at the same time as sodium and water
absorption. Two mechanisms of absorption have been proposed. During diffusion of protonat‐
ed SCFAs, luminal protons (Na+/H+ exchange, K+ H+-ATPase or bacterial metabolic activity)
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acidify the colonic lumen. This creates a pH between the colonic lumen compared to the
systemic circulation. This pH gradient can promote the diffusive movement of SCFAs. With
anion exchange, a family of anion exchangers mediates SCFAs and HCO3 exchange and entry
across the membrane[3]. Once absorbed, SCFAs are used preferentially as fuel for colonic
epithelial cells [4]. Butyrate is used preferentially over propionate and acetate. Those SCFAs
are later transported to the liver. There, propionate acts as a substrate for gluconeogenesis and
inhibits cholesterol synthesis in hepatic tissue. Acetate is utilized in the synthesis of long chain
fatty acids, glutamine, glutamate and beta-hydroxybutyrate [2, 4]. Over the last a few decades,
understanding the role of short chain fatty acids in the gastrointestinal physiology has grown
considerably. They are attractive because of their role as potential therapeutic agents in
diversion colitis, ulcerative colitis, radiation proctitis, pouchitis and antibiotic- associated
diarrhea [4]. Furthermore, SCFAs have anti-tumor activities in colon cancer by promoting
autophagy and apoptosis. In the next section, the role of SCFAs in cancer, mostly in the colon
will be discussed.

Figure 1. Nomenclature of short chain fatty acids (SCFAs). Different SCFAs (acetate, propionate and butyrate) are illus‐
trated in this figure.

3. The role of short chain fatty acids in colon cancer

Diet has a considerable influence on the risk of colon cancer. A diet high in fat has been
considered to promote colon cancer while increased fiber and complex carbohydrates in the
diet may protect against colon cancer. Butyrate is believed to be mostly responsible for the
tumor inhibitory effects of dietary fiber. Sodium butyrate is known to be an effective inducer
of cell differentiation. Colorectal cancer cells treated with sodium butyrate showed a more
differentiated cell state [5, 6]. It is believed that the protective effect of dietary fibers is
associated with butyrate production in the colon which possibly decreases the occurrence of
neoplasia in colonocytes. For example, in reference [7], fibers associated with high butyrate
were protective against colon cancer. Patients with familial polyposis (FAP) syndrome develop
hundreds to thousands of begin tumors of the colon, some of which will progress to colon
cancer if not removed. These FAP patients produced less butyrate than healthy controls and
patients without polyps. All the studies suggest that butyrate has a protective effect against
colon cancer. In the next section, different mechanisms of action of short chain fatty acids on
colon cancer will be discussed.
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4. Mechanisms of action of short chain fatty acids on colon cancer cells

Different mechanisms of action has been proposed through which sodium butyrate regulate
different genes to exert an inhibitory effect on colon cancer development. Sodium butyrate
induces growth inhibition in colon cancer cells by promoting histone hyperacetylation and
induction of the cell cycle inhibitor p21 [8]. Other short chain fatty acids such as propionate
and valerate were also shown to inhibit cell tumor cells but to a lesser extent than butyrate.
However for acetate, no effects were observed on cell proliferation when it was used at a
concentration of 20 mM [9]. Cells other than colonocytes, mainly smooth muscle cells are also
present in the colon. The effect of SCFAs on colon smooth muscle cells was quiet different.
Sodium butyrate promotes the proliferation of smooth muscle cells. Propionate also promotes
colon smooth muscle cells proliferation to a lesser extent than butyrate while acetate had no
effects [9]. The cell growth inhibitory effect of butyrate on colon cancer cells is attributed to its
ability to induce histone hyperacetylation through inhibition of histone deacetylase (HDAC).
Histone hyperacetylation usually results in relaxation of chromatin, thus making DNA more
accessible to transcription factors. For example in reference [10], the cell cycle inhibitor p21
gene was increased and involved in the butyrate effect on colon cancer cell proliferation. The
promoter region of p21 was shown to harbor butyrate-responsive elements. Upon butyrate
treatment, p21 was induced due to HDAC inhibition resulting in G1 phase arrest [9, 11-13].

Figure 2. Mechanism of inhibition of colon cancer cells by short chain fatty acids. Short chain fatty acids, particularly
butyrate can inhibit colon cancer by different mechanisms. In this figure, treatment of colon cancer cells with butyrate
leads to the activation of the cycle inhibitor p21, followed by cell cycle arrest at G1 phase and induction of apoptosis.
Moreover, SCFAs treatment can promote the inhibition of histone deacetylase, leading to histone hyperacetylation
and availability of chromatin structure for binding by different transcription factors. Both histone hyperacetylation
and cell cycle protein p21 inhibit colon cancer growth.
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will be discussed.

Figure 1. Nomenclature of short chain fatty acids (SCFAs). Different SCFAs (acetate, propionate and butyrate) are illus‐
trated in this figure.

3. The role of short chain fatty acids in colon cancer

Diet has a considerable influence on the risk of colon cancer. A diet high in fat has been
considered to promote colon cancer while increased fiber and complex carbohydrates in the
diet may protect against colon cancer. Butyrate is believed to be mostly responsible for the
tumor inhibitory effects of dietary fiber. Sodium butyrate is known to be an effective inducer
of cell differentiation. Colorectal cancer cells treated with sodium butyrate showed a more
differentiated cell state [5, 6]. It is believed that the protective effect of dietary fibers is
associated with butyrate production in the colon which possibly decreases the occurrence of
neoplasia in colonocytes. For example, in reference [7], fibers associated with high butyrate
were protective against colon cancer. Patients with familial polyposis (FAP) syndrome develop
hundreds to thousands of begin tumors of the colon, some of which will progress to colon
cancer if not removed. These FAP patients produced less butyrate than healthy controls and
patients without polyps. All the studies suggest that butyrate has a protective effect against
colon cancer. In the next section, different mechanisms of action of short chain fatty acids on
colon cancer will be discussed.
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4. Mechanisms of action of short chain fatty acids on colon cancer cells

Different mechanisms of action has been proposed through which sodium butyrate regulate
different genes to exert an inhibitory effect on colon cancer development. Sodium butyrate
induces growth inhibition in colon cancer cells by promoting histone hyperacetylation and
induction of the cell cycle inhibitor p21 [8]. Other short chain fatty acids such as propionate
and valerate were also shown to inhibit cell tumor cells but to a lesser extent than butyrate.
However for acetate, no effects were observed on cell proliferation when it was used at a
concentration of 20 mM [9]. Cells other than colonocytes, mainly smooth muscle cells are also
present in the colon. The effect of SCFAs on colon smooth muscle cells was quiet different.
Sodium butyrate promotes the proliferation of smooth muscle cells. Propionate also promotes
colon smooth muscle cells proliferation to a lesser extent than butyrate while acetate had no
effects [9]. The cell growth inhibitory effect of butyrate on colon cancer cells is attributed to its
ability to induce histone hyperacetylation through inhibition of histone deacetylase (HDAC).
Histone hyperacetylation usually results in relaxation of chromatin, thus making DNA more
accessible to transcription factors. For example in reference [10], the cell cycle inhibitor p21
gene was increased and involved in the butyrate effect on colon cancer cell proliferation. The
promoter region of p21 was shown to harbor butyrate-responsive elements. Upon butyrate
treatment, p21 was induced due to HDAC inhibition resulting in G1 phase arrest [9, 11-13].

Figure 2. Mechanism of inhibition of colon cancer cells by short chain fatty acids. Short chain fatty acids, particularly
butyrate can inhibit colon cancer by different mechanisms. In this figure, treatment of colon cancer cells with butyrate
leads to the activation of the cycle inhibitor p21, followed by cell cycle arrest at G1 phase and induction of apoptosis.
Moreover, SCFAs treatment can promote the inhibition of histone deacetylase, leading to histone hyperacetylation
and availability of chromatin structure for binding by different transcription factors. Both histone hyperacetylation
and cell cycle protein p21 inhibit colon cancer growth.
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Sodium butyrate also inhibits colon cancer cell invasion by activating tissue inhibitor matrix
metalloproteinase (TIM) 1- and 2, thus inhibiting the activity of metalloproteinases (MMPs).
Furthermore, sodium butyrate reduces the adherence of colon cancer cells to the basement
membrane protein laminin substrate via fibronection or type IV collagen resulting in the
inhibition of cancer growth. Inflammatory cytokines such as IL-4 and TNF-α also play a role
in the inhibitory role of butyrate in colon cancer [14]. G-protein coupled receptors are also
found to play a role on colon cancer and their role will be discussed in the next section.

Figure 3. Other mechanisms used by short chain fatty acids to inhibit colon cancer carcinogenesis. Treatment with
SCFAs can inhibit the destruction of the basement membrane through the stimulation of the inhibitor of metallopro‐
teinases (TIM). TIM will inhibit metalloproteinases and prevent them from destroying the basement membrane. SCFAs
also inhibit the adherence of colon cancer cells to the basement membrane by reducing fibronection of type IV colla‐
gen levels.

5. The roles of short chain fatty acid receptors GPR41 and GPR43 on colonic
functions

G-protein coupled receptors (GPCRs) consist of a large and diverse family of proteins that
mainly transduce extracellular stimuli to intracellular signals. GPRC family is among the
largest and more diverse family of proteins in the mammalian genome and contain 7 spanning
membrane helixes, an extracellular N-terminus and an intracellular C-terminus. GPCRs can
be coupled by at least 18 Gα which forms a heterodimer with Gβ subunits, which have at least
5 types, and Gγ subunit, of which there are at least 11 types. Over 800 GPCRs have been
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identified in the human genome. The family of GPCR protein is activated upon binding of a
ligand or agonist on the extracellular N-terminus that leads to a conformational change and
activation of the G-protein heterodimer. At least 50 GPCRs have unknown ligands and are
referred as orphans. Depending on the type of GPCRs that is being activated, diverse down‐
stream signaling will be activated.GPRCs respond to different stimuli such as light, neuro‐
transmitters, amino acids, hormones and activate different signaling pathways [15, 16].

Recently, short chain fatty acids (acetate, propionate and butyrate) were reported as ligands
for two orphan GPRCs, GPR41 and GPR43. GPR43 is expressed in immune cells whereas
GPR41 is present in blood vessel endothelial cells, particularly in adipose tissue with significant
expression also in immune cells and endothelial cells of other tissues [17]. Both GPR41 and
GPR43 are expressed in colonic mucosa suggesting their role in the normal development or
functions of the colon tissue [16]. A study by Tang and al. revealed more information on the
function of GPR43 in colon cancer. Immunohistochemistry showed a reduction of GPR43 in
human colon cancers compared to normal human colon tissues. No epigenetic changes such
as promoter hypermethylation or chromatin compaction due to histone deacetylation (HDAC)
were found responsible for the repression or silencing of GPR43 in colon cancer. In order to
determine the function of GPR43 in colon cancer, GPR43 was restored in colon cancer cells.
Treatment of those GPR43 expressing cells with short chain fatty acids propionate and butyrate
rendered the cells more sensitive, caused cell death and promoted cell cycle arrest at Go/G1
phase. The study suggested that loss of GPR43 expression may contribute to colon cancer
development and progression [18]. In the next section, the role of short chain fatty acids in the
fate of colon cancer cells will be discussed.
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Figure 4. Mechanism of GPR43 role as a tumor suppressor in colon cancer. Treatment of colon cancer cells with SCFAs
(propionate) results in binding of the GPR43 on the extracellular surface. This leads to the activation of intracellular
downstream signaling such as increase in cell cycle protein p21 and CDK1/2 while cyclin D3 is increased resulting in
cell cycle arrest at Go/G1 phase. Propionate treatment also stimulates different caspases which activates apoptosis
and death of colon cancer cells.
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Sodium butyrate also inhibits colon cancer cell invasion by activating tissue inhibitor matrix
metalloproteinase (TIM) 1- and 2, thus inhibiting the activity of metalloproteinases (MMPs).
Furthermore, sodium butyrate reduces the adherence of colon cancer cells to the basement
membrane protein laminin substrate via fibronection or type IV collagen resulting in the
inhibition of cancer growth. Inflammatory cytokines such as IL-4 and TNF-α also play a role
in the inhibitory role of butyrate in colon cancer [14]. G-protein coupled receptors are also
found to play a role on colon cancer and their role will be discussed in the next section.

Figure 3. Other mechanisms used by short chain fatty acids to inhibit colon cancer carcinogenesis. Treatment with
SCFAs can inhibit the destruction of the basement membrane through the stimulation of the inhibitor of metallopro‐
teinases (TIM). TIM will inhibit metalloproteinases and prevent them from destroying the basement membrane. SCFAs
also inhibit the adherence of colon cancer cells to the basement membrane by reducing fibronection of type IV colla‐
gen levels.

5. The roles of short chain fatty acid receptors GPR41 and GPR43 on colonic
functions

G-protein coupled receptors (GPCRs) consist of a large and diverse family of proteins that
mainly transduce extracellular stimuli to intracellular signals. GPRC family is among the
largest and more diverse family of proteins in the mammalian genome and contain 7 spanning
membrane helixes, an extracellular N-terminus and an intracellular C-terminus. GPCRs can
be coupled by at least 18 Gα which forms a heterodimer with Gβ subunits, which have at least
5 types, and Gγ subunit, of which there are at least 11 types. Over 800 GPCRs have been
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identified in the human genome. The family of GPCR protein is activated upon binding of a
ligand or agonist on the extracellular N-terminus that leads to a conformational change and
activation of the G-protein heterodimer. At least 50 GPCRs have unknown ligands and are
referred as orphans. Depending on the type of GPCRs that is being activated, diverse down‐
stream signaling will be activated.GPRCs respond to different stimuli such as light, neuro‐
transmitters, amino acids, hormones and activate different signaling pathways [15, 16].

Recently, short chain fatty acids (acetate, propionate and butyrate) were reported as ligands
for two orphan GPRCs, GPR41 and GPR43. GPR43 is expressed in immune cells whereas
GPR41 is present in blood vessel endothelial cells, particularly in adipose tissue with significant
expression also in immune cells and endothelial cells of other tissues [17]. Both GPR41 and
GPR43 are expressed in colonic mucosa suggesting their role in the normal development or
functions of the colon tissue [16]. A study by Tang and al. revealed more information on the
function of GPR43 in colon cancer. Immunohistochemistry showed a reduction of GPR43 in
human colon cancers compared to normal human colon tissues. No epigenetic changes such
as promoter hypermethylation or chromatin compaction due to histone deacetylation (HDAC)
were found responsible for the repression or silencing of GPR43 in colon cancer. In order to
determine the function of GPR43 in colon cancer, GPR43 was restored in colon cancer cells.
Treatment of those GPR43 expressing cells with short chain fatty acids propionate and butyrate
rendered the cells more sensitive, caused cell death and promoted cell cycle arrest at Go/G1
phase. The study suggested that loss of GPR43 expression may contribute to colon cancer
development and progression [18]. In the next section, the role of short chain fatty acids in the
fate of colon cancer cells will be discussed.
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er.<$%&?>Treatment<$%&?>of<$%&?>colon<$%&?>cancer<$%&?>cells<$%&?>with<$%&?>SCFAs<$%&?>(propionate)<$%&?>results<$%&?>in<$
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on<$%&?>cancer<$%&?>cells. 
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f<$%&?>caspase-

3<$%&?>and<$%&?>the<$%&?>degradation<$%&?>of<$%&?>PARP<$%&?>[19]<$%&?>[20].<$%&?>Recently,<$%&?>SCFAs,<$%&
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%&?>short<$%&?>chain<$%&?>fatty<$%&?>acids<$%&?>will<$%&?>be<$%&?>discussed.<$%&?>The<$%&?>mechanisms<$%&?>

involved<$%&?>will<$%&?>be<$%&?>discussed<$%&?>in<$%&?>details,<$%&?>including<$%&?>the<$%&?>signaling<$%&?>pa

thways<$%&?>involved. 

6.1.<$%&?>Mechanism<$%&?>of<$%&?>autophagy<$%&?>regulation<$%&?>by<$%&?>short<

$%&?>chain<$%&?>fatty<$%&?>acids<$%&?>in<$%&?>colon<$%&?>cancer 

In<$%&?>autophagy<$%&?>studies,<$%&?>it<$%&?>is<$%&?>very<$%&?>well<$%&?>established<$%&?>that<$%&?>the<$%&?>

mammalian<$%&?>target<$%&?>of<$%&?>rapamycin<$%&?>(mTOR)<$%&?>negatively<$%&?>regulate<$%&?>autophagy.<$%&

?>The<$%&?>autophosphorylation<$%&?>at<$%&?>Ser2481<$%&?>is<$%&?>regarded<$%&?>as<$%&?>an<$%&?>indicator<$%&

?>of<$%&?>its<$%&?>catalytic<$%&?>activity.<$%&?>Post<$%&?>propionate<$%&?>treatment<$%&?>of<$%&?>colon<$%&?>can

cer<$%&?>cells<$%&?>HCT116,<$%&?>a<$%&?>strong<$%&?>time<$%&?>dependent<$%&?>reduction<$%&?>in<$%&?>the<$%

&?>phosphorylation<$%&?>state<$%&?>at<$%&?>Ser2481<$%&?>was<$%&?>observed,<$%&?>while<$%&?>there<$%&?>were<$

Figure 4. Mechanism of GPR43 role as a tumor suppressor in colon cancer. Treatment of colon cancer cells with SCFAs
(propionate) results in binding of the GPR43 on the extracellular surface. This leads to the activation of intracellular
downstream signaling such as increase in cell cycle protein p21 and CDK1/2 while cyclin D3 is increased resulting in
cell cycle arrest at Go/G1 phase. Propionate treatment also stimulates different caspases which activates apoptosis
and death of colon cancer cells.
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6. Regulation of autophagy by short chain fatty acids

Short chain fatty acids were initially reported to induce apoptosis (type I programmed cell
death)  in  colon  cancer.  Treatment  of  colon  cancer  cells  with  butyrate  inhibited  cell
proliferation, promoted apoptosis in 79% of cells through the activation of caspase-3 and
the degradation of PARP [19] [20].  Recently,  SCFAs, particularly propionate was report‐
ed  to  induce  autophagy  as  evidenced  by  an  increased  LC3  punctuates  formation  and
upregulation of LAMP-2 [21]. In this section, the regulation of autophagy by short chain
fatty  acids  will  be  discussed.  The  mechanisms  involved  will  be  discussed  in  details,
including the signaling pathways involved.

6.1. Mechanism of autophagy regulation by short chain fatty acids in colon cancer

In autophagy studies, it is very well established that the mammalian target of rapamycin
(mTOR) negatively regulates autophagy. The autophosphorylation at Ser2481 is regarded
as  an  indicator  of  its  catalytic  activity.  Post  propionate  treatment  of  colon  cancer  cells
HCT116, a strong time dependent reduction in the phosphorylation state at Ser2481 was
observed,  while  there  were  no changes  in  the  total  mTORC levels.  Another  key down‐
stream effector of mTOR, p70S6K, whose phosphorylation status at Thr389 reflects mTOR
activity, whereas phosphorylation at Thr421/Ser424 is thought to activate p70S6K was also
performed.  Following  propionate  treatment,  a  reduced  phosphorylation  of  p70S6K  at
Thr389  was  observed  by  7  h  confirming  that  downregulation  of  the  mTOR  signaling
pathway is  a  mechanism for propionate to induce autophagy.  The group then hypothe‐
sized that propionate must induce mTOR signaling from the inhibition of PI3/Akt pathway,
which was shown to activate mTOR in response to the introduction of nutrient and growth
factors. However, no changes in the phosphorylation state of Akt at S473 or Thr308 or the
total  Akt  were  observed  post  propionate  treatment.  Another  pathway  which  acts  up‐
stream of the mTOR pathway, the AMP-activated protein kinase (AMPK) [22], an inhibi‐
tor of the mTOR protein and a sensor of cellular bioenergetics, was significantly activated.

Interestingly,  propionate mediated AMPK activation caused a decrease in ATP levels  in
colon cancer cells due to a breach of the mitochondrial membrane potential. In more details,
propionate depolarized the mitochondrial membrane, which was shown using mitotrack‐
er deep red, a dye that stains the mitochondria in live cells and accumulates in propor‐
tion to the membrane potential. The proportion of mitochondria with lower fluorescence
intensity, which represents the depolarized mitochondria, was increased post propionate
treatment  in  a  dose-  and time dependent  manner  in  the  colon cancer  cells  treated.  The
study  in  references  [21,  23]  demonstrated  that  propionate  causes  mitochondrial  defect
leading  to  ATP depletion  and  release  of  reactive  oxygen  species  (ROS).  Excessive  ROS
levels  have been attributed to  induction of  autophagy.  The defective  mitochondria  post
treatment is removed by a selective autophagy process known as mitophagy. Mitophagy
will  be  discussed in  the next  section and how it  is  regulated in  colon cancer  cells  post
propionate treatment.

Autophagy - A Double-Edged Sword - Cell Survival or Death?240

6.2. Propionate treatment causes mitophagy in colon cancer cells

Mitochondria are cells organelles that primarily produce ATP via oxidative phosphoryla‐
tion in the inner membrane of the mitochondria. During changes in the environment, ATP
synthesis can be disrupted leading to the production of reactive oxygen species (ROS) and
release  of  proteins  to  promote  cell  death.  Several  pathologies  have  impaired  mitochon‐
dria,  oxidative  stress,  accumulation of  protein  aggregates  and autophagic  stress.  Oxida‐
tive stress can lead to the nonspecific modification of proteins and contributes to protein
aggregation. Interestingly, the cell can adopt its own defense mechanism against aberrant
mitochondria, which can be harmful to the cell  [24].  This mechanism termed mitophagy
was  first  observed  in  mammalian  cells  by  early  electron  microscopy  studies,  where
increased mitochondrial  sequestration was identified in lysosomes following stimulation
of hepatocytes catabolism with glucagon [25]. This selective autophagy process is character‐
ized by the removal of excess or damaged mitochondria in order to prevent activation of
apoptotic cell death [26]. Mitophagy has been shown to play a role during cellular quality
control. For instance, in yeast and in mammalian cells, mitophagy is preceded by mitochon‐
drial  fission,  which  divides  elongated  mitochondria  into  pieces  of  manageable  size  for
encapsulation and also quality control of segregation of damaged mitochondrial material
for selective removal by mitophagy. Another process, mitochondrial fusion, occurs every
5 to 20 minutes and was shown to reduce mitochondrial depolarization in two cell lines
(COS7  and  INS1).  Mitochondrial  fission,  fusion  or  mitophagy  are  all  important  for
mitochondrial homeostasis [27]. Mitophagy has also been shown to be required for steady-
state turnover of  mitochondria,  for  the adjustment of  mitochondrion numbers to chang‐
ing metabolic requirements and during specialized developmental stages in mammalians
cells such as during red blood cell  differentiation [25].  Some important proteins such as
ULK1 and ULK2 (two Atg1 homologues), Parkinson’s disease genes α-synuclein, parkin,
PINK1 and DJ-1 are all involved in mitophagy. During the selection of mitochondria for
mitophagy,  mitochondrial  components  of  the  cell  are  identified  by  partner  cytosolic
proteins such as Parkin or Nix that bind to the surface and tag it for degradation [24-26].

Treatment  of  colon  cancers  cells  HCT116  with  propionate  resulted  in  reduced  staining
intensity  of  mitochondria  and  an  increased  colocalization  between  mitochondria  and
punctuates  GFP-LC3.  COXIV,  a  mitochondrial  marker  was  also  reduced and was  local‐
ized  as  defective  mitochondria  by  autolysosomes.  An  ubiquitin-binding  protein-p62,  a
protein  that  interacts  with  LC3  and  regulates  autophagosome  formation,  significantly
colocalized with mitochondrial COXIV. Flow cytometry analysis showed that most of colon
cancer cells  treated with propionate showed a reduced Mito Tracker Deep Red staining
and enhanced GFP-LC3 fluorescence. Addition of chloroquine, an inhibitor of autophagic
degradation,  dramatically  increased the  accumulation of  defective  mitochondria.  All  the
experiments performed in HCT116 colon cancer cells post treatment suggest that propio‐
nate triggers mitophagy. This mitophagy selectively targets mitochondria with a depolor‐
ized membrane potential [21, 23].
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6. Regulation of autophagy by short chain fatty acids

Short chain fatty acids were initially reported to induce apoptosis (type I programmed cell
death)  in  colon  cancer.  Treatment  of  colon  cancer  cells  with  butyrate  inhibited  cell
proliferation, promoted apoptosis in 79% of cells through the activation of caspase-3 and
the degradation of PARP [19] [20].  Recently,  SCFAs, particularly propionate was report‐
ed  to  induce  autophagy  as  evidenced  by  an  increased  LC3  punctuates  formation  and
upregulation of LAMP-2 [21]. In this section, the regulation of autophagy by short chain
fatty  acids  will  be  discussed.  The  mechanisms  involved  will  be  discussed  in  details,
including the signaling pathways involved.

6.1. Mechanism of autophagy regulation by short chain fatty acids in colon cancer

In autophagy studies, it is very well established that the mammalian target of rapamycin
(mTOR) negatively regulates autophagy. The autophosphorylation at Ser2481 is regarded
as  an  indicator  of  its  catalytic  activity.  Post  propionate  treatment  of  colon  cancer  cells
HCT116, a strong time dependent reduction in the phosphorylation state at Ser2481 was
observed,  while  there  were  no changes  in  the  total  mTORC levels.  Another  key down‐
stream effector of mTOR, p70S6K, whose phosphorylation status at Thr389 reflects mTOR
activity, whereas phosphorylation at Thr421/Ser424 is thought to activate p70S6K was also
performed.  Following  propionate  treatment,  a  reduced  phosphorylation  of  p70S6K  at
Thr389  was  observed  by  7  h  confirming  that  downregulation  of  the  mTOR  signaling
pathway is  a  mechanism for propionate to induce autophagy.  The group then hypothe‐
sized that propionate must induce mTOR signaling from the inhibition of PI3/Akt pathway,
which was shown to activate mTOR in response to the introduction of nutrient and growth
factors. However, no changes in the phosphorylation state of Akt at S473 or Thr308 or the
total  Akt  were  observed  post  propionate  treatment.  Another  pathway  which  acts  up‐
stream of the mTOR pathway, the AMP-activated protein kinase (AMPK) [22], an inhibi‐
tor of the mTOR protein and a sensor of cellular bioenergetics, was significantly activated.

Interestingly,  propionate mediated AMPK activation caused a decrease in ATP levels  in
colon cancer cells due to a breach of the mitochondrial membrane potential. In more details,
propionate depolarized the mitochondrial membrane, which was shown using mitotrack‐
er deep red, a dye that stains the mitochondria in live cells and accumulates in propor‐
tion to the membrane potential. The proportion of mitochondria with lower fluorescence
intensity, which represents the depolarized mitochondria, was increased post propionate
treatment  in  a  dose-  and time dependent  manner  in  the  colon cancer  cells  treated.  The
study  in  references  [21,  23]  demonstrated  that  propionate  causes  mitochondrial  defect
leading  to  ATP depletion  and  release  of  reactive  oxygen  species  (ROS).  Excessive  ROS
levels  have been attributed to  induction of  autophagy.  The defective  mitochondria  post
treatment is removed by a selective autophagy process known as mitophagy. Mitophagy
will  be  discussed in  the next  section and how it  is  regulated in  colon cancer  cells  post
propionate treatment.
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6.2. Propionate treatment causes mitophagy in colon cancer cells

Mitochondria are cells organelles that primarily produce ATP via oxidative phosphoryla‐
tion in the inner membrane of the mitochondria. During changes in the environment, ATP
synthesis can be disrupted leading to the production of reactive oxygen species (ROS) and
release  of  proteins  to  promote  cell  death.  Several  pathologies  have  impaired  mitochon‐
dria,  oxidative  stress,  accumulation of  protein  aggregates  and autophagic  stress.  Oxida‐
tive stress can lead to the nonspecific modification of proteins and contributes to protein
aggregation. Interestingly, the cell can adopt its own defense mechanism against aberrant
mitochondria, which can be harmful to the cell  [24].  This mechanism termed mitophagy
was  first  observed  in  mammalian  cells  by  early  electron  microscopy  studies,  where
increased mitochondrial  sequestration was identified in lysosomes following stimulation
of hepatocytes catabolism with glucagon [25]. This selective autophagy process is character‐
ized by the removal of excess or damaged mitochondria in order to prevent activation of
apoptotic cell death [26]. Mitophagy has been shown to play a role during cellular quality
control. For instance, in yeast and in mammalian cells, mitophagy is preceded by mitochon‐
drial  fission,  which  divides  elongated  mitochondria  into  pieces  of  manageable  size  for
encapsulation and also quality control of segregation of damaged mitochondrial material
for selective removal by mitophagy. Another process, mitochondrial fusion, occurs every
5 to 20 minutes and was shown to reduce mitochondrial depolarization in two cell lines
(COS7  and  INS1).  Mitochondrial  fission,  fusion  or  mitophagy  are  all  important  for
mitochondrial homeostasis [27]. Mitophagy has also been shown to be required for steady-
state turnover of  mitochondria,  for  the adjustment of  mitochondrion numbers to chang‐
ing metabolic requirements and during specialized developmental stages in mammalians
cells such as during red blood cell  differentiation [25].  Some important proteins such as
ULK1 and ULK2 (two Atg1 homologues), Parkinson’s disease genes α-synuclein, parkin,
PINK1 and DJ-1 are all involved in mitophagy. During the selection of mitochondria for
mitophagy,  mitochondrial  components  of  the  cell  are  identified  by  partner  cytosolic
proteins such as Parkin or Nix that bind to the surface and tag it for degradation [24-26].

Treatment  of  colon  cancers  cells  HCT116  with  propionate  resulted  in  reduced  staining
intensity  of  mitochondria  and  an  increased  colocalization  between  mitochondria  and
punctuates  GFP-LC3.  COXIV,  a  mitochondrial  marker  was  also  reduced and was  local‐
ized  as  defective  mitochondria  by  autolysosomes.  An  ubiquitin-binding  protein-p62,  a
protein  that  interacts  with  LC3  and  regulates  autophagosome  formation,  significantly
colocalized with mitochondrial COXIV. Flow cytometry analysis showed that most of colon
cancer cells  treated with propionate showed a reduced Mito Tracker Deep Red staining
and enhanced GFP-LC3 fluorescence. Addition of chloroquine, an inhibitor of autophagic
degradation,  dramatically  increased the  accumulation of  defective  mitochondria.  All  the
experiments performed in HCT116 colon cancer cells post treatment suggest that propio‐
nate triggers mitophagy. This mitophagy selectively targets mitochondria with a depolor‐
ized membrane potential [21, 23].
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d<$%&?>also<$%&?>quality<$%&?>control<$%&?>of<$%&?>segregation<$%&?>of<$%&?>damaged<$%&?>mitochondrial<$%&?>

material<$%&?>for<$%&?>selective<$%&?>removal<$%&?>by<$%&?>mitophagy.<$%&?>Another<$%&?>process,<$%&?>mitocho

ndrial<$%&?>fusion,<$%&?>occurs<$%&?>every<$%&?>5<$%&?>to<$%&?>20<$%&?>minutes<$%&?>and<$%&?>was<$%&?>sho

wn<$%&?>to<$%&?>reduce<$%&?>mitochondrial<$%&?>depolarization<$%&?>in<$%&?>two<$%&?>cell<$%&?>lines<$%&?>(CO

S7<$%&?>and<$%&?>INS1).<$%&?>Mitochondrial<$%&?>fission,<$%&?>fusion<$%&?>or<$%&?>mitophagy<$%&?>are<$%&?>all

<$%&?>important<$%&?>for<$%&?>mitochondrial<$%&?>homeostasis<$%&?>[27].<$%&?><$%&?>Mitophagy<$%&?>has<$%&?>

also<$%&?>been<$%&?>shown<$%&?>to<$%&?>be<$%&?>required<$%&?>for<$%&?>steady-

state<$%&?>turnover<$%&?>of<$%&?>mitochondria,<$%&?>for<$%&?>the<$%&?>adjustment<$%&?>of<$%&?>mitochondrion<$

%&?>numbers<$%&?>to<$%&?>changing<$%&?>metabolic<$%&?>requirements<$%&?>and<$%&?>during<$%&?>specialized<$%

&?>developmental<$%&?>stages<$%&?>in<$%&?>mammalians<$%&?>cells<$%&?>such<$%&?>as<$%&?>during<$%&?>red<$%

&?>blood<$%&?>cell<$%&?>differentiation<$%&?>[25].<$%&?>Some<$%&?>important<$%&?>proteins<$%&?>such<$%&?>as<$%

&?>ULK1<$%&?>and<$%&?>ULK2<$%&?>(two<$%&?>Atg1<$%&?>homologues),<$%&?>Parkinson’s<$%&?>disease<$%&?>gene

s<$%&?>α-synuclein,<$%&?>parkin,<$%&?>PINK1<$%&?>and<$%&?>DJ-

1<$%&?>are<$%&?>all<$%&?>involved<$%&?>in<$%&?>mitophagy.<$%&?>During<$%&?>the<$%&?>selection<$%&?>of<$%&?>

mitochondria<$%&?>for<$%&?>mitophagy,<$%&?>mitochondrial<$%&?>components<$%&?>of<$%&?>the<$%&?>cell<$%&?>are

<$%&?>identified<$%&?>by<$%&?>partner<$%&?>cytosolic<$%&?>proteins<$%&?>such<$%&?>as<$%&?>Parkin<$%&?>or<$%&

?>Nix<$%&?>that<$%&?>bind<$%&?>to<$%&?>the<$%&?>surface<$%&?>and<$%&?>tag<$%&?>it<$%&?>for<$%&?>degradation

<$%&?>[24-26].<$%&?> 

Treatment<$%&?>of<$%&?>colon<$%&?>cancers<$%&?>cells<$%&?>HCT116<$%&?>with<$%&?>propionate<$%&?>resulted<$%

&?>in<$%&?>reduced<$%&?>staining<$%&?>intensity<$%&?>of<$%&?>mitochondria<$%&?>and<$%&?>an<$%&?>increased<$%

&?>colocalization<$%&?>between<$%&?>mitochondria<$%&?>and<$%&?>punctuates<$%&?>GFP-

LC3.<$%&?>COXIV,<$%&?>a<$%&?>mitochondrial<$%&?>marker<$%&?>was<$%&?>also<$%&?>reduced<$%&?>and<$%&?>wa

s<$%&?>localized<$%&?>as<$%&?>defective<$%&?>mitochondria<$%&?>by<$%&?>autolysosomes.<$%&?>An<$%&?>ubiquitin-

binding<$%&?>protein-

p62,<$%&?>a<$%&?>protein<$%&?>that<$%&?>interacts<$%&?>with<$%&?>LC3<$%&?>and<$%&?>regulates<$%&?>autophagos

ome<$%&?>formation,<$%&?>significantly<$%&?>colocalized<$%&?>with<$%&?>mitochondrial<$%&?>COXIV.<$%&?>Flow<$%

&?>cytometry<$%&?>analysis<$%&?>showed<$%&?>that<$%&?>most<$%&?>of<$%&?>colon<$%&?>cancer<$%&?>cells<$%&?>tr

eated<$%&?>with<$%&?>propionate<$%&?>showed<$%&?>a<$%&?>reduced<$%&?>Mito<$%&?>Tracker<$%&?>Deep<$%&?>Re

d<$%&?>staining<$%&?>and<$%&?>enhanced<$%&?>GFP-

LC3<$%&?>fluorescence.<$%&?>Addition<$%&?>of<$%&?>chloroquine,<$%&?>an<$%&?>inhibitor<$%&?>of<$%&?>autophagic<

$%&?>degradation,<$%&?>dramatically<$%&?>increased<$%&?>the<$%&?>accumulation<$%&?>of<$%&?>defective<$%&?>mito

chondria.<$%&?>All<$%&?>the<$%&?>experiments<$%&?>performed<$%&?>in<$%&?>HCT116<$%&?>colon<$%&?>cancer<$%&

?>cells<$%&?>post<$%&?>treatment<$%&?>suggest<$%&?>that<$%&?>propionate<$%&?>triggers<$%&?>mitophagy.<$%&?>This

<$%&?>mitophagy<$%&?>selectively<$%&?>targets<$%&?>mitochondria<$%&?>with<$%&?>a<$%&?>depolorized<$%&?>membr

ane<$%&?>potential<$%&?>[21,<$%&?>23]. 

 

Figure 5. Mechanisms<$%&?>of<$%&?>mitophagy<$%&?>and<$%&?>representation<$%&?>of<$%&?>proposed<$%&?>role<$%&?>of<$%&?>sho

rt<$%&?>chain<$%&?>fatty<$%&?>acids<$%&?>on<$%&?>mitochondria.<$%&?>Treatment<$%&?>of<$%&?>colon<$%&?>cancer<$%&?>cells<$%

&?>with<$%&?>SCFAs<$%&?>depolarizes<$%&?>and<$%&?>damages<$%&?>the<$%&?>mitochondria.<$%&?>Reduced<$%&?>mitochondrial<$

%&?>membrane<$%&?>potential<$%&?>leads<$%&?>to<$%&?>the<$%&?>accumulation<$%&?>of<$%&?>phosphatase<$%&?>and<$%&?>tensin<

$%&?>homolog-

induced<$%&?>putative<$%&?>kinase<$%&?>1<$%&?>(PINK1)<$%&?>and<$%&?>recruitment<$%&?>of<$%&?>the<$%&?>E3<$%&?>ubiquitin<$

%&?>ligase<$%&?>Parkin<$%&?>to<$%&?>mitochondria.<$%&?>Parkin,<$%&?>then<$%&?>promotes<$%&?>the<$%&?>ubiquitination<$%&?>of

<$%&?>proteins<$%&?>in<$%&?>the<$%&?>mitochondrial<$%&?>membrane,<$%&?>which<$%&?>targets<$%&?>the<$%&?>damaged<$%&?>mi

tochondrion<$%&?>for<$%&?>removal<$%&?>by<$%&?>an<$%&?>autophagasome.<$%&?> 
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Figure 5. Mechanisms of mitophagy and representation of proposed role of short chain fatty acids on mitochondria.
Treatment of colon cancer cells with SCFAs depolarizes and damages the mitochondria. Reduced mitochondrial mem‐
brane potential leads to the accumulation of phosphatase and tensin homolog-induced putative kinase 1 (PINK1) and
recruitment of the E3 ubiquitin ligase Parkin to mitochondria. Parkin, then promotes the ubiquitination of proteins in
the mitochondrial membrane, which targets the damaged mitochondrion for removal by an autophagasome.

6.3. Short chain fatty acids and lipid metabolism in colon cancer cells

Interestingly,  treatment  of  HCT116  cells  with  propionate  altered  the  lipid  metabolism.
Lipids  play  an  important  role  in  cell  structure  and  metabolism.  Post  treatment  with
propionate, the expression of fatty acid synthase, the enzyme that catalyzes the synthesis
of  long  chain-fatty  acids  (LCFAs)  from  acetyl-CoA  (ACC)  and  malonyl-CoA,  was  re‐
duced. Furthermore, GSK-3β, which inhibits endergonic glycogen synthesis by phosphory‐
lation and activation of glycogen synthase, was also downregulated. AMPK kinase, which
was increased post  propionate  treatment  further  phosphorylates  and inhibit  acetyl-CoA,
thus de novo lipid synthesis. The inactivation of ACC by AMPK mediates the increase in
mitochondrial import and oxidation of LCFAs, resulting in the generation of ATP.

Energy deprivation can stimulate mitochondrial biogenesis in skeletal muscle in an AMPK-
dependent manner. When the effects of propionate treatment in mitochondrial biogenesis
were investigated, the mRNA levels of nuclear gene mitochondrial transcription factor A
(Tfam) and mitochondrial transcription factor B (mtTFB) were stimulated, peaking at 8.5
and  11.5  h  respectively,  before  returning  to  the  initial  pre-stimulatory  levels.  Other
transcription  factors  related  to  heme  biosynthesis  and  mitochondria  biogenesis  named
nuclear  respiratory  factors-1  and  2  (NRF-1  and NRF-2)  and  polymerase  gamma (pol-γ)
expression were also stimulated at the mRNA level in colon cancer cells after propionate
treatment. On the other hand, peroxisome proliferator activated receptor-γ was reduced.
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Moreover, an increase in mitochondria complex subunits and increase in Mitotracker greem
FM  fluorescence  also  indicated  and  confirmed  that  HCT116  cells  adapt  to  propionate-
induced ATP depletion by downregulating anabolic processes such as glycogen and lipid
synthesis,  while  stimulating  mitochondrial  biogenesis  in  an  attempt  to  resume  cellular
energy homeostatis [21, 23].

6.4. Propionate, autophagy and apoptosis

Autophagy and apoptosis are two programmed-cell deaths that may be interconnected and
even simultaneously regulated by the same trigger in tumor cells. During apoptosis, cells
are destroyed as an end result  of caspase mediated destruction of the cellular structure.
There exist  two core pathways inducing apoptosis:  the extrinsic  and intrinsic  pathways.
The extrinsinc pathway is triggered by the Fas death receptor (DR), which depends on the
combination of FasL and Fas. The other process, the intrinsic pathway leads to apoptosis
upon sensing of an extracellular stimuli or intracellular signal that renders the mitochondri‐
al membrane permeable and releases cytochrome c [28-31].

Molecular  pathways  leading  to  cancer  can  cross-talk.  Autophagy  and  apoptosis  can
particularly act as partners to induce cell  death in a coordinated or cooperative fashion.
Although  both  can  be  triggered  by  common  upstream  signals,  this  will  have  different
effects on the cell fate. For instance, autophagy can function as a double edged sword to
either  promote  or  inhibit  cell  death.  In  most  cases,  inhibition of  autophagy leads  to  an
increase susceptibility to apoptotic stimuli [29]. For instance when colon cancer cells were
treated with propionate, [21] found that the induction of autophagy has a protective effect
on HCT116 cells. SCFAs were previously shown to induce caspase-3-mediated apoptosis.
Cotreatment of colon cancer cells (HCT116 and SW480) with 3-methyladenine (3-MA), an
inhibitor  of  autophagy,  significantly  reduced  the  percentage  of  GFP-LC3  formation.
However, 12 h after the initiation of treatment of propionate/3MA, the number of apoptot‐
ic cells increased as indicated by the high annexin-V staining. Western blot analysis also
revealed increased cleavages of the pro-apoptotic cascapase-7 and executioner caspase-3,
which are all  critical  mediators of  the mitochondrial  events of  apoptosis  in cells  treated
with  propionate/3MA  compared  to  nontreated  group.  Addition  of  another  inhibitor  of
autophagy, chloroquine, enhanced apoptosis in HCT116 cells, especially at the later stages
of treatment. Since depletion of AMPKα using shRNA was also shown to mimic the effects
of autophagy silencing,colon cancer cells depleted of the AMPKα were also treated with
propionate.  AMPKα  depleted  cells  showed  a  more  significant  cytotoxicity  post  propio‐
nate treatment.  Further depletion of autophagy by knocking down ATG5 expression, an
important protein required for autophagy, reduced the ability of propionate to induce GFP-
LC3 punctae formation, indicating successful depletion. This inhibition of autophagy also
confirmed the protective role of autophagy in colon cancer cells post treatment with the
short chain fatty acid, propionate.  All  the findings by [21, 23] suggested that autophagy
confers a protective role in propionate-mediated cell death in colon cancer cell.

Regulation of Autophagy by Short Chain Fatty Acids in Colon Cancer Cells
http://dx.doi.org/10.5772/54999

243



d<$%&?>also<$%&?>quality<$%&?>control<$%&?>of<$%&?>segregation<$%&?>of<$%&?>damaged<$%&?>mitochondrial<$%&?>

material<$%&?>for<$%&?>selective<$%&?>removal<$%&?>by<$%&?>mitophagy.<$%&?>Another<$%&?>process,<$%&?>mitocho

ndrial<$%&?>fusion,<$%&?>occurs<$%&?>every<$%&?>5<$%&?>to<$%&?>20<$%&?>minutes<$%&?>and<$%&?>was<$%&?>sho

wn<$%&?>to<$%&?>reduce<$%&?>mitochondrial<$%&?>depolarization<$%&?>in<$%&?>two<$%&?>cell<$%&?>lines<$%&?>(CO

S7<$%&?>and<$%&?>INS1).<$%&?>Mitochondrial<$%&?>fission,<$%&?>fusion<$%&?>or<$%&?>mitophagy<$%&?>are<$%&?>all

<$%&?>important<$%&?>for<$%&?>mitochondrial<$%&?>homeostasis<$%&?>[27].<$%&?><$%&?>Mitophagy<$%&?>has<$%&?>

also<$%&?>been<$%&?>shown<$%&?>to<$%&?>be<$%&?>required<$%&?>for<$%&?>steady-

state<$%&?>turnover<$%&?>of<$%&?>mitochondria,<$%&?>for<$%&?>the<$%&?>adjustment<$%&?>of<$%&?>mitochondrion<$

%&?>numbers<$%&?>to<$%&?>changing<$%&?>metabolic<$%&?>requirements<$%&?>and<$%&?>during<$%&?>specialized<$%

&?>developmental<$%&?>stages<$%&?>in<$%&?>mammalians<$%&?>cells<$%&?>such<$%&?>as<$%&?>during<$%&?>red<$%

&?>blood<$%&?>cell<$%&?>differentiation<$%&?>[25].<$%&?>Some<$%&?>important<$%&?>proteins<$%&?>such<$%&?>as<$%

&?>ULK1<$%&?>and<$%&?>ULK2<$%&?>(two<$%&?>Atg1<$%&?>homologues),<$%&?>Parkinson’s<$%&?>disease<$%&?>gene

s<$%&?>α-synuclein,<$%&?>parkin,<$%&?>PINK1<$%&?>and<$%&?>DJ-

1<$%&?>are<$%&?>all<$%&?>involved<$%&?>in<$%&?>mitophagy.<$%&?>During<$%&?>the<$%&?>selection<$%&?>of<$%&?>

mitochondria<$%&?>for<$%&?>mitophagy,<$%&?>mitochondrial<$%&?>components<$%&?>of<$%&?>the<$%&?>cell<$%&?>are

<$%&?>identified<$%&?>by<$%&?>partner<$%&?>cytosolic<$%&?>proteins<$%&?>such<$%&?>as<$%&?>Parkin<$%&?>or<$%&

?>Nix<$%&?>that<$%&?>bind<$%&?>to<$%&?>the<$%&?>surface<$%&?>and<$%&?>tag<$%&?>it<$%&?>for<$%&?>degradation

<$%&?>[24-26].<$%&?> 

Treatment<$%&?>of<$%&?>colon<$%&?>cancers<$%&?>cells<$%&?>HCT116<$%&?>with<$%&?>propionate<$%&?>resulted<$%

&?>in<$%&?>reduced<$%&?>staining<$%&?>intensity<$%&?>of<$%&?>mitochondria<$%&?>and<$%&?>an<$%&?>increased<$%

&?>colocalization<$%&?>between<$%&?>mitochondria<$%&?>and<$%&?>punctuates<$%&?>GFP-

LC3.<$%&?>COXIV,<$%&?>a<$%&?>mitochondrial<$%&?>marker<$%&?>was<$%&?>also<$%&?>reduced<$%&?>and<$%&?>wa

s<$%&?>localized<$%&?>as<$%&?>defective<$%&?>mitochondria<$%&?>by<$%&?>autolysosomes.<$%&?>An<$%&?>ubiquitin-

binding<$%&?>protein-

p62,<$%&?>a<$%&?>protein<$%&?>that<$%&?>interacts<$%&?>with<$%&?>LC3<$%&?>and<$%&?>regulates<$%&?>autophagos

ome<$%&?>formation,<$%&?>significantly<$%&?>colocalized<$%&?>with<$%&?>mitochondrial<$%&?>COXIV.<$%&?>Flow<$%

&?>cytometry<$%&?>analysis<$%&?>showed<$%&?>that<$%&?>most<$%&?>of<$%&?>colon<$%&?>cancer<$%&?>cells<$%&?>tr

eated<$%&?>with<$%&?>propionate<$%&?>showed<$%&?>a<$%&?>reduced<$%&?>Mito<$%&?>Tracker<$%&?>Deep<$%&?>Re

d<$%&?>staining<$%&?>and<$%&?>enhanced<$%&?>GFP-

LC3<$%&?>fluorescence.<$%&?>Addition<$%&?>of<$%&?>chloroquine,<$%&?>an<$%&?>inhibitor<$%&?>of<$%&?>autophagic<

$%&?>degradation,<$%&?>dramatically<$%&?>increased<$%&?>the<$%&?>accumulation<$%&?>of<$%&?>defective<$%&?>mito

chondria.<$%&?>All<$%&?>the<$%&?>experiments<$%&?>performed<$%&?>in<$%&?>HCT116<$%&?>colon<$%&?>cancer<$%&

?>cells<$%&?>post<$%&?>treatment<$%&?>suggest<$%&?>that<$%&?>propionate<$%&?>triggers<$%&?>mitophagy.<$%&?>This

<$%&?>mitophagy<$%&?>selectively<$%&?>targets<$%&?>mitochondria<$%&?>with<$%&?>a<$%&?>depolorized<$%&?>membr

ane<$%&?>potential<$%&?>[21,<$%&?>23]. 

 

Figure 5. Mechanisms<$%&?>of<$%&?>mitophagy<$%&?>and<$%&?>representation<$%&?>of<$%&?>proposed<$%&?>role<$%&?>of<$%&?>sho

rt<$%&?>chain<$%&?>fatty<$%&?>acids<$%&?>on<$%&?>mitochondria.<$%&?>Treatment<$%&?>of<$%&?>colon<$%&?>cancer<$%&?>cells<$%

&?>with<$%&?>SCFAs<$%&?>depolarizes<$%&?>and<$%&?>damages<$%&?>the<$%&?>mitochondria.<$%&?>Reduced<$%&?>mitochondrial<$

%&?>membrane<$%&?>potential<$%&?>leads<$%&?>to<$%&?>the<$%&?>accumulation<$%&?>of<$%&?>phosphatase<$%&?>and<$%&?>tensin<

$%&?>homolog-
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Figure 5. Mechanisms of mitophagy and representation of proposed role of short chain fatty acids on mitochondria.
Treatment of colon cancer cells with SCFAs depolarizes and damages the mitochondria. Reduced mitochondrial mem‐
brane potential leads to the accumulation of phosphatase and tensin homolog-induced putative kinase 1 (PINK1) and
recruitment of the E3 ubiquitin ligase Parkin to mitochondria. Parkin, then promotes the ubiquitination of proteins in
the mitochondrial membrane, which targets the damaged mitochondrion for removal by an autophagasome.

6.3. Short chain fatty acids and lipid metabolism in colon cancer cells

Interestingly,  treatment  of  HCT116  cells  with  propionate  altered  the  lipid  metabolism.
Lipids  play  an  important  role  in  cell  structure  and  metabolism.  Post  treatment  with
propionate, the expression of fatty acid synthase, the enzyme that catalyzes the synthesis
of  long  chain-fatty  acids  (LCFAs)  from  acetyl-CoA  (ACC)  and  malonyl-CoA,  was  re‐
duced. Furthermore, GSK-3β, which inhibits endergonic glycogen synthesis by phosphory‐
lation and activation of glycogen synthase, was also downregulated. AMPK kinase, which
was increased post  propionate treatment  further  phosphorylates  and inhibit  acetyl-CoA,
thus de novo lipid synthesis. The inactivation of ACC by AMPK mediates the increase in
mitochondrial import and oxidation of LCFAs, resulting in the generation of ATP.

Energy deprivation can stimulate mitochondrial biogenesis in skeletal muscle in an AMPK-
dependent manner. When the effects of propionate treatment in mitochondrial biogenesis
were investigated, the mRNA levels of nuclear gene mitochondrial transcription factor A
(Tfam) and mitochondrial transcription factor B (mtTFB) were stimulated, peaking at 8.5
and  11.5  h  respectively,  before  returning  to  the  initial  pre-stimulatory  levels.  Other
transcription  factors  related  to  heme  biosynthesis  and  mitochondria  biogenesis  named
nuclear  respiratory  factors-1  and  2  (NRF-1  and NRF-2)  and  polymerase  gamma (pol-γ)
expression were also stimulated at the mRNA level in colon cancer cells after propionate
treatment. On the other hand, peroxisome proliferator activated receptor-γ was reduced.
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Moreover, an increase in mitochondria complex subunits and increase in Mitotracker greem
FM  fluorescence  also  indicated  and  confirmed  that  HCT116  cells  adapt  to  propionate-
induced ATP depletion by downregulating anabolic processes such as glycogen and lipid
synthesis,  while  stimulating  mitochondrial  biogenesis  in  an  attempt  to  resume  cellular
energy homeostatis [21, 23].

6.4. Propionate, autophagy and apoptosis

Autophagy and apoptosis are two programmed-cell deaths that may be interconnected and
even simultaneously regulated by the same trigger in tumor cells. During apoptosis, cells
are destroyed as an end result  of caspase mediated destruction of the cellular structure.
There exist  two core pathways inducing apoptosis:  the extrinsic  and intrinsic  pathways.
The extrinsinc pathway is triggered by the Fas death receptor (DR), which depends on the
combination of FasL and Fas. The other process, the intrinsic pathway leads to apoptosis
upon sensing of an extracellular stimuli or intracellular signal that renders the mitochondri‐
al membrane permeable and releases cytochrome c [28-31].

Molecular  pathways  leading  to  cancer  can  cross-talk.  Autophagy  and  apoptosis  can
particularly act as partners to induce cell  death in a coordinated or cooperative fashion.
Although  both  can  be  triggered  by  common  upstream  signals,  this  will  have  different
effects on the cell fate. For instance, autophagy can function as a double edged sword to
either  promote  or  inhibit  cell  death.  In  most  cases,  inhibition of  autophagy leads  to  an
increase susceptibility to apoptotic stimuli [29]. For instance when colon cancer cells were
treated with propionate, [21] found that the induction of autophagy has a protective effect
on HCT116 cells. SCFAs were previously shown to induce caspase-3-mediated apoptosis.
Cotreatment of colon cancer cells (HCT116 and SW480) with 3-methyladenine (3-MA), an
inhibitor  of  autophagy,  significantly  reduced  the  percentage  of  GFP-LC3  formation.
However, 12 h after the initiation of treatment of propionate/3MA, the number of apoptot‐
ic cells increased as indicated by the high annexin-V staining. Western blot analysis also
revealed increased cleavages of the pro-apoptotic cascapase-7 and executioner caspase-3,
which are all  critical  mediators of  the mitochondrial  events of  apoptosis  in cells  treated
with  propionate/3MA  compared  to  nontreated  group.  Addition  of  another  inhibitor  of
autophagy, chloroquine, enhanced apoptosis in HCT116 cells, especially at the later stages
of treatment. Since depletion of AMPKα using shRNA was also shown to mimic the effects
of autophagy silencing,colon cancer cells depleted of the AMPKα were also treated with
propionate.  AMPKα  depleted  cells  showed  a  more  significant  cytotoxicity  post  propio‐
nate treatment.  Further depletion of autophagy by knocking down ATG5 expression, an
important protein required for autophagy, reduced the ability of propionate to induce GFP-
LC3 punctae formation, indicating successful depletion. This inhibition of autophagy also
confirmed the protective role of autophagy in colon cancer cells post treatment with the
short chain fatty acid, propionate.  All  the findings by [21, 23] suggested that autophagy
confers a protective role in propionate-mediated cell death in colon cancer cell.
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Figure 6. Proposed model for regulation of autophagy by short chain fatty acids in colon cancer cells. Treatment of
colon cancer cells with short chain fatty acids increases ROS levels, lowers the mitochondrial membrane potential and
ATP levels. This results in a reduction of cellular energy and defects in mitochondria. As a result, downstream signaling
pathway AMPK is activated while mTOR is inhibited and resulting in the activation of autophagy. At the same time,
defective mitochondria is removed by a process known as mitophagy in order to rescue the cells from apoptosis and
cell death. The activation of autophagy has a protective role on the cell as it prevents cell death.

7. Conclusion

Short chain fatty acids are the major by-products of bacterial fermentation of undigested fibers
in the colon. Short chain fatty acids, particularly propionate has been shown to promote
differentiation, growth arrest and apoptosis in colon cancer cells. Furthermore, SCFAs can
promote autophagy to retard mitochondrial defect stimulated apoptosis. Although the in vitro
studies demonstrated a role of short chain fatty acids in promoting autophagy and protecting
the cells from apoptotic death, the relevance of this finding has yet to be investigated in vivo.
Moreover, cotreatment of colon cancer cells with SCFAs and chloloroquine, an inhibitor of
autophagy may be an effective therapy approach to be investigated.
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Figure 6. Proposed model for regulation of autophagy by short chain fatty acids in colon cancer cells. Treatment of
colon cancer cells with short chain fatty acids increases ROS levels, lowers the mitochondrial membrane potential and
ATP levels. This results in a reduction of cellular energy and defects in mitochondria. As a result, downstream signaling
pathway AMPK is activated while mTOR is inhibited and resulting in the activation of autophagy. At the same time,
defective mitochondria is removed by a process known as mitophagy in order to rescue the cells from apoptosis and
cell death. The activation of autophagy has a protective role on the cell as it prevents cell death.

7. Conclusion

Short chain fatty acids are the major by-products of bacterial fermentation of undigested fibers
in the colon. Short chain fatty acids, particularly propionate has been shown to promote
differentiation, growth arrest and apoptosis in colon cancer cells. Furthermore, SCFAs can
promote autophagy to retard mitochondrial defect stimulated apoptosis. Although the in vitro
studies demonstrated a role of short chain fatty acids in promoting autophagy and protecting
the cells from apoptotic death, the relevance of this finding has yet to be investigated in vivo.
Moreover, cotreatment of colon cancer cells with SCFAs and chloloroquine, an inhibitor of
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1. Introduction

The term autophagy (from the Greek, auto – oneself, phagy - to eat or autophagy-self eating)
was first coined for structures that were observed under an electron microscope and that were
consisted of single-or double-membrane lysosomal-derived vesicles containing cytoplasmic
particles including organelles during various stages of disintegration [1,2]. Autophagic cell
death or autophagy is a type of cell death that occurs in the absence of chromatin condensation
but is associated with the massive autophagic vacuolization of the cytoplasm [3]. Autophagy
is the process by which cells recycle their own nonessential, redundant, and damaged
organelles and macromolecular components. Autophagy also plays its role in the suppression
of tumor growth, deletion of toxic misfolded proteins, elimination of intracellular microor‐
ganisms, and pathogenesis of several diseases such as cancer and muscular disorders [4-6].

Like apoptosis, autophagy is an evolutionary conserved process that occurs in all eukaryotic cells
[7]. Autophagy can be triggered as a result of nutrient deprivation, differentiation, and develop‐
mental factors. In contrast to the apoptosis, cells that die with an autophagic morphology have
little or no association with phagocytes. Excessive autophagy may be attributed to crumple the
cellular functions and induce cell death directly. On the other hand, autophagy can lead to the
execution of apoptotic or necrotic cell death programs. It has also been suggested that autopha‐
gy may occur as a process alongside apoptosis or it may play a supportive role in apoptosis [8].
Autophagy and apoptosis differ in morphological characteristics. The causative relationship
between these two has not been elucidated yet. The increase in autophagosomes indicates an
increase  in  autophagic  activity  or  decreased  autophagosome-lysosome fusion.  The  most
important characteristic of autophagic cell death is the appearance of double- or multiple-
membrane vesicles (autophagosomes) in cytoplasm, which sequesters cytoplasmic compo‐
nents and organelles such as mitochondria and endoplasmic reticulum [9].
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1.1. Role of autophagy in cancer

Cancer is an umbrella term covering a plethora of conditions characterized by unscheduled
and uncontrolled cellular proliferation [10]. Cancer is the second leading cause of mortality
with an incident rate of about 2.6 million cases reported annually across Europe and USA [11].
Autophagy has a multifaceted role in cancer [12,13]. Even though, present studies are only
associative, autophagy most probably functions to curtail neoplasia [14]. There are several
oncogenes including PI3K and Akt family members, MTOR, and Bcl2 restrain autophagy,
while tumor suppressors such as PTEN, HIF1A, and TSC2 endorse autophagy [15]. Paradox‐
ically, autophagy is double-edged sword having a role in promoting both cell survival and cell
death [16]. The role of autophagy in the demise of a cell is contentious [17]. Despite the fact
that number of autophagosomes increases in some dying cells, it is still ambiguous whether
these structures are involved or just facilitate cell death [18]. The genetic deletion of key
autophagic genes pick up the pace rather than to inhibit cell death, which accentuate the
predominant survival role of autophagy [19].

Although, apoptosis and autophagy are markedly different processes but several lines of
evidence have portrayed interplay between these two processes; such as the proteins from the
Bcl2 regulate both autophagic and apoptotic machinery [17]. Furthermore, three types of
interplay exist between autophagic and apoptotic pathways. Both apoptosis and autophagy
function as a collaborator to induce cell death; autophagy act as anagonistic to hamper
apoptotic cell death by promoting cell survival, autophagy act as enabler of apoptosis, and
contributing in certain morphological and cellular events that occur during apoptotic cell death
without leading to death in itself [8].

1.1.1. Autophagy in tumor suppression

Cancer is considered as a complex group of genetic disorder with multiple causes. It is thought
to be involved in perturbation of several different pathways that control and regulate the cell
differentiation, cell proliferation, and cell survival. Another enigma has been the role of autoph‐
agy in tumor suppression; cancer may be protected by macroautophagy by sequestering
damaged organelles, permitting cellular differentiation, increasing protein catabolism, and
promoting autophagic cell death [20]. There are some experimental evidences which support the
possibility that autophagy promotes the survival of nutrient-starved tumor cells and in turn
contribute to cancer. Recent advances give deep insight into the molecular mechanism of
autophagy. These findings more likely favor the concept that autophagy and defects in autoph‐
agy contribute to tumor suppression and oncogenesis respectively. Biochemical studies and
genetic evidences designed in mammalian cells and in C. elegans respectively suggest that
autophagy is positively regulated by the PTEN tumor suppressor gene and negatively regulat‐
ed by the oncogenic Class I phosphatidylinositol 3-kinase signaling pathway. Furthermore Beclin
1, the mammalian APG gene has tumor suppressor activity and maps a tumor susceptibility locus,
which is commonly deleted in human breast and ovarian cancers. The molecular mechanism of
oncogenesis in human cancer can be fairly understood through genetic disruption of autopha‐
gy control. Such insights may foster the development of novel approaches to restore autopha‐
gy in the chemoprevention or treatment of human malignancies [21].

Autophagy - A Double-Edged Sword - Cell Survival or Death?250

Autophagy is a kind of homeostatic mechanisms which accelerates and induces tumorigenesis
when it disrupts. It removes the damaged organelles/proteins, limiting cell growth and causes
genomic instability which are involved in the tumor suppression mechanism [22]. The
experimental studies show that Beclin 1 is a haploin sufficient tumor suppressor gene. As this
protein is used for autophagy induction and Beclin 1+/− mice were shown to be tumor prone
[23]. The excessive stimulation of autophagy due to Beclin 1 protein overexpression can inhibit
tumor development [24]. The accumulation of p62/SQSTM 1 protein aggregates, damaged
mitochondria, and misfolded proteins due to the formation of molecular link between
defective autophagy and tumorigenesis generate the reactive oxygen species (ROS) and
genomic instability is observed due to the damage of DNA. ROS and the DNA damage can be
prevented by knockdown of p62/SQSTM 1 in autophagy-defective cells [22]. The relationship
between defective autophagy and p62/SQSTM 1 accumulation with tumorigenesis is further
evidenced from a study involving p62/SQSTM 1−/− mice protected from Ras-induced lung
carcinoma compared with wild-type animals [25]. It is further concluded that autophagy may
also provide protection against tumorigenesis by limiting necrosis and chronic inflammation,
which are associated with the release of pro-inflammatory HMGB1 [26]. All above findings
give a concentric remark about the role of the autophagy as a mechanism of tumor suppression.

1.1.2. Autophagy in tumor cell survival

The autophagy plays a predominant role in cancer cells to confer stress tolerance, which serves
to maintain tumor cell survival [20]. The induction of cell death mainly relates to the knock‐
down of essential autophagy genes in tumor cells [27]. Cancer cells have high metabolic
demands. The exposure of increased cellular proliferation and in vivo models to metabolic
stress was shown to impair the survival of autophagy-deficient cells with compared to
autophagy-proficient cells [22]. Moreover, cytotoxic and metabolic stresses, including hypoxia
and nutrient deprivation, can activate autophagy for recycling of ATP and in maintaining the
cellular biosynthesis and survival. Autophagy is mainly considered to be induced in hypoxic
tumor cells from regions that are distal to blood vessels and HIF-1α-dependent and -inde‐
pendent activation have been described [28]. The expression of angiogenic factors, such as
vascular endothelial growth factor, platelet-derived growth factor, and nitric oxide synthtase
are HIF-1α [28]. Human pancreatic cancer cell lines have increased basal levels of autophagy.
These enable tumor cell growth by maintaining cellular energy production. Autophagic
inhibition may lead to tumor regression and extended survival in pancreatic cancer xenografts
[29]. In the survived cancer cells autophagy generates a state of dormancy in residual cancer
cells that may further contribute to tumor recurrence and progression [30]. The increased
efficacy of anticancer drugs, in response to inhibition of autophagy, supports cytoprotective
role of autophagy in cancer cells. The research data indicate that H-ras or K-ras bearing
activating mutations show high basal levels of autophagy in human cell lines irrespective of
abundant nutrients [31]. The cell growth in these cell lines was associated with autophagic
proteins. In conclusion, it is the autophagy that maintains tumor cell survival. Moreover it
suggests that by blocking autophagy in tumors is an effective treatment approach [21].
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1.2. Cross-talk between different cell-death modes

Under the physiological conditions cells show compliance with respect to how they die
responding various stimuli. There are certain factors such as the type of cell, type and intensity
of noxious signals, and ATP concentration that determine how cells die [19]. Acute myocardial
ischemia (which is involved in the sudden fall in ATP level) induces necrosis, whereas chronic
congestive heart failure (with more modest yet chronic decrease in ATP) induces apoptosis
[32]. Although, a particular cell death program may preferentially be triggered in different
circumstances and multiple pathways may be activated concomitantly or successively in
individual dying cells [33]. Furthermore, there seems to exist an interplay among different cell
death pathways. Even though apoptosis and autophagy both bear distinct morphological
characteristics and physiological processes, still there exist some intricate interrelationships
between them. Apoptosis and autophagy, under some conditions, play synergistic effects;
while other times autophagy onsets only when apoptotic suppression occurs. Moreover, recent
studies have markedly pointed out the existence of strong interconnection between apoptosis
and autophagy and also strengthened the concept of simultaneous regulation of both A’s that
trigger cell death in cancer. The obstruction of a particular pathway of cell death may not avert
the annihilation of the cell but instead may recruit an alternative path such as the broad-
spectrum anti-apoptotic caspase inhibitors, zVAD-fmk, modulates the three major types of cell
death. Addition of zVAD-fmk blocks apoptotic cell death, sensitizes cells to necrotic cell death,
and induces autophagic cell death [34].

The overexpression of anti-apoptotic proteins may lead to the survival of injured cells where
critical metabolites are provided by autophagy [35]. Nevertheless, if death stimuli persist, anti-
apoptotic pathways and autophagy are unlikely to prolong and necrosis ensues [36]. Most
likely, NF-κB, ATG5, ATP, and PARP function as molecular switches that determine whether
a cell undergoes apoptosis, necrosis, or autophagy [37-39]. Protein p53 also modulates
autophagy and other responses to cell stress. Recent studies reveal that basal p53 activity
suppresses autophagy, whereas the activation of p53 by certain stimuli induces autophagy
and the activation of p53 by different stimuli results in the PUMA- and NOXA-mediated
apoptosis [40-42]. In addition, low and moderate concentrations of some agents have been
revealed to induce apoptosis, but increasing the concentration of the same agent triggers
necrosis. The challenge is, therefore, not only to understand the mechanisms leading to cell
death but also to categorize the connection at the molecular level between different modes of
the cell death.

In this chapter, we discussed the natural compounds and their mechanisms by which they
induce apoptotic and autophagic cell death in cancer cells and their potential as a novel strategy
for the treatment of cancer. We also presented the results of our previously published natural
compounds screened against gastric cancer [43]. The screen was used to identify new targets
to combat cancer or to identify selective natural compounds those target to apoptosis or
autophagy signaling pathways. In this chapter, we reviewed the main effects of natural
compounds on the different autophagic cell death signaling pathways. In addition, we focused
on highlighting several representative plant-derived natural compounds such as curcumin,
resveratrol, evodiamine, oridonin, and magnolol (structures of these compounds are shown

Autophagy - A Double-Edged Sword - Cell Survival or Death?252

in Fig. 1) that may lead to cancer cell death - for regulation of some core autophagic pathways,
involved in Ras-Raf signaling, Beclin-1 interactome, BCR-ABL, PI3KCI/Akt/mTOR, FOXO1
signaling, the NF-κB-mediated pathway, the PI3K/Akt signaling pathway, p53 and other main
pathways. Two of the identified autophagy inducer natural compounds, magnolol and
evodiamine, have been discussed in detail, while the other natural compounds, which had
shown an essential role in autophagic cell signaling pathways, been reviewed recently by
Zhang et al., 2012 [44].

Figure 1. The structure of natural compounds that act on autophagic cell signaling pathways.

2. Methods

The rationale for overall project design was based on assumptions as presented above, which
were motivated by the set of issues. The main goal of the study was to explore naturally
occurring compounds that exhibit cytotoxic activity toward cancer cells. To search for
compounds with significant cytotoxic activity and unprecedented chemical structures from a
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likely, NF-κB, ATG5, ATP, and PARP function as molecular switches that determine whether
a cell undergoes apoptosis, necrosis, or autophagy [37-39]. Protein p53 also modulates
autophagy and other responses to cell stress. Recent studies reveal that basal p53 activity
suppresses autophagy, whereas the activation of p53 by certain stimuli induces autophagy
and the activation of p53 by different stimuli results in the PUMA- and NOXA-mediated
apoptosis [40-42]. In addition, low and moderate concentrations of some agents have been
revealed to induce apoptosis, but increasing the concentration of the same agent triggers
necrosis. The challenge is, therefore, not only to understand the mechanisms leading to cell
death but also to categorize the connection at the molecular level between different modes of
the cell death.

In this chapter, we discussed the natural compounds and their mechanisms by which they
induce apoptotic and autophagic cell death in cancer cells and their potential as a novel strategy
for the treatment of cancer. We also presented the results of our previously published natural
compounds screened against gastric cancer [43]. The screen was used to identify new targets
to combat cancer or to identify selective natural compounds those target to apoptosis or
autophagy signaling pathways. In this chapter, we reviewed the main effects of natural
compounds on the different autophagic cell death signaling pathways. In addition, we focused
on highlighting several representative plant-derived natural compounds such as curcumin,
resveratrol, evodiamine, oridonin, and magnolol (structures of these compounds are shown
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in Fig. 1) that may lead to cancer cell death - for regulation of some core autophagic pathways,
involved in Ras-Raf signaling, Beclin-1 interactome, BCR-ABL, PI3KCI/Akt/mTOR, FOXO1
signaling, the NF-κB-mediated pathway, the PI3K/Akt signaling pathway, p53 and other main
pathways. Two of the identified autophagy inducer natural compounds, magnolol and
evodiamine, have been discussed in detail, while the other natural compounds, which had
shown an essential role in autophagic cell signaling pathways, been reviewed recently by
Zhang et al., 2012 [44].

Figure 1. The structure of natural compounds that act on autophagic cell signaling pathways.

2. Methods

The rationale for overall project design was based on assumptions as presented above, which
were motivated by the set of issues. The main goal of the study was to explore naturally
occurring compounds that exhibit cytotoxic activity toward cancer cells. To search for
compounds with significant cytotoxic activity and unprecedented chemical structures from a
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variety of traditional Chinese medicines, the crude ethanolic extracts of 300 species of herbal
plants, traditionally used in China for the treatment of a variety of diseases, and four hundred
TCM compounds were screened. Understanding the interplay of different cancer-related
signaling pathways is important for the development of efficacious multi-targeted anticancer
drugs. Hence, the underlying molecular mechanisms of the above mentioned natural com‐
pounds have been elucidated, which induced cell death.

2.1. Screening strategies

The screening strategy has been shown in schematic form in Fig. 2. Several cancer cells,
including SGC-7901, U87, PANC-1 and A-375 cells were cultured in DMEM supplemented
with 10% fetal bovine serum and were exposed to different Chinese medicinal herbs extracts
and TCM compounds.

Figure 2. Schematic presentation of strategy of identification, isolation, structure elucidation, and screenings of Tradi‐
tional Chinese medicines (TCM) against cancer cells.

2.2. Acridine orange staining

Acridine orange staining assay was performed according to published procedure [45]. In
brief,  cells  were  incubated  without  (control)  and  with  respective  compounds  and  with
rapamycin (positive control group) for indicated time periods and then acridine orange at
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a final concentration of 1 mg ml-1 was added to cells for a period of 20 minutes in the dark
at  37 °C.  Then,  cells  were washed twice with PBS.  Images of  cells  were obtained under
fluorescence microscopy

2.4. Flow cytometric quantification of Acidic Vesicular Organelles (AVOs)

AVOs formation (autophagosomes and autolysosomes) is a characteristic feature of Autoph‐
agy [17]. Furthermore, for quantification of AVOs, we used flow cytometry after the cells were
stained by Acridine Orange (AO) [46]. AO is a weak base that accumulates in acidic spaces
and gives bright red fluorescence (punctate staining (dots) in the cytoplasm which is detected
by fluorescence microscopy and the formation of AVOs can be quantified by flow cytometry.
The intensity of the red fluorescence is proportional to the degree of acidity.

3. Results

The large collections of Traditional Chinese medicinal herbs and natural compounds libraries
have been used to identify anticancer TCM herbs and natural compounds associated with
various cancer specific cellular processes such as apoptosis or autophagy. A list of natural
compounds those expressed cytotoxic activity against gastric cancer cells has been presented
in Table 1 [43]. Using Traditional Chinese medicinal herbs and natural compounds libraries
screen, we discovered several TCM compounds that showed potential anticancer activities
[43]. In a natural compounds screen with glioma brain tumor cells, our results revealed that
alantolactone and Pseudolaric acid B have shown selective anti-glioma activity with lesser
toxic effect over liver and kidney [47,48]. Furthermore, we reported that Dracorhodin per‐
chlorate regulates PI3K/Akt, p53 and NF-κB pathways that are frequently deregulated in
cancer and their simultaneous targeting by Dracorhodin perchlorate could result in efficacious
and selective killing of cancer cells [49]. Through the screen of natural compounds for apoptosis
and autophagic cell signaling pathways, we identified several compounds including costu‐
nolide and xanthoxyletin that induce cell death via apoptotic pathways [50,51]. In addition,
we also found that several compounds such as curcumin, resveratrol, evodiamine, oridonin,
and magnolol induce autophagy and act on autophagic cell signaling pathways (unpublished
data). Furthermore, we examined the role of evodiamine- and magnolol-induced autophagy
in cancer cell death [52,53]. The role of each of the natural compound in autophagic cell
signaling will be discussed later in this chapter.

4. Discussion

4.1. The role of natural compounds in autophagic cell signaling

Plants have a long recorded history to employ in the treatment of cancer [54] and represent
the most important direct antecedent to contemporary anticancer drugs [55]. Recently, some
of the most encouraging clinical evidences and promising anticancer natural herbal com‐
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signaling pathways is important for the development of efficacious multi-targeted anticancer
drugs. Hence, the underlying molecular mechanisms of the above mentioned natural com‐
pounds have been elucidated, which induced cell death.

2.1. Screening strategies

The screening strategy has been shown in schematic form in Fig. 2. Several cancer cells,
including SGC-7901, U87, PANC-1 and A-375 cells were cultured in DMEM supplemented
with 10% fetal bovine serum and were exposed to different Chinese medicinal herbs extracts
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brief,  cells  were  incubated  without  (control)  and  with  respective  compounds  and  with
rapamycin (positive control group) for indicated time periods and then acridine orange at
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a final concentration of 1 mg ml-1 was added to cells for a period of 20 minutes in the dark
at  37 °C.  Then,  cells  were washed twice with PBS.  Images of  cells  were obtained under
fluorescence microscopy

2.4. Flow cytometric quantification of Acidic Vesicular Organelles (AVOs)

AVOs formation (autophagosomes and autolysosomes) is a characteristic feature of Autoph‐
agy [17]. Furthermore, for quantification of AVOs, we used flow cytometry after the cells were
stained by Acridine Orange (AO) [46]. AO is a weak base that accumulates in acidic spaces
and gives bright red fluorescence (punctate staining (dots) in the cytoplasm which is detected
by fluorescence microscopy and the formation of AVOs can be quantified by flow cytometry.
The intensity of the red fluorescence is proportional to the degree of acidity.

3. Results

The large collections of Traditional Chinese medicinal herbs and natural compounds libraries
have been used to identify anticancer TCM herbs and natural compounds associated with
various cancer specific cellular processes such as apoptosis or autophagy. A list of natural
compounds those expressed cytotoxic activity against gastric cancer cells has been presented
in Table 1 [43]. Using Traditional Chinese medicinal herbs and natural compounds libraries
screen, we discovered several TCM compounds that showed potential anticancer activities
[43]. In a natural compounds screen with glioma brain tumor cells, our results revealed that
alantolactone and Pseudolaric acid B have shown selective anti-glioma activity with lesser
toxic effect over liver and kidney [47,48]. Furthermore, we reported that Dracorhodin per‐
chlorate regulates PI3K/Akt, p53 and NF-κB pathways that are frequently deregulated in
cancer and their simultaneous targeting by Dracorhodin perchlorate could result in efficacious
and selective killing of cancer cells [49]. Through the screen of natural compounds for apoptosis
and autophagic cell signaling pathways, we identified several compounds including costu‐
nolide and xanthoxyletin that induce cell death via apoptotic pathways [50,51]. In addition,
we also found that several compounds such as curcumin, resveratrol, evodiamine, oridonin,
and magnolol induce autophagy and act on autophagic cell signaling pathways (unpublished
data). Furthermore, we examined the role of evodiamine- and magnolol-induced autophagy
in cancer cell death [52,53]. The role of each of the natural compound in autophagic cell
signaling will be discussed later in this chapter.

4. Discussion

4.1. The role of natural compounds in autophagic cell signaling

Plants have a long recorded history to employ in the treatment of cancer [54] and represent
the most important direct antecedent to contemporary anticancer drugs [55]. Recently, some
of the most encouraging clinical evidences and promising anticancer natural herbal com‐
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pounds let us to reconstruct the story of these plants and their ultimate role in chemotherapy
[56]. To provide a paradigm of the most contemporary progress in this field, there were number
of compounds namely artesunate, homoharringtonine, arsenic trioxide and cantharidin
isolated from natural products and have the potential for use in cancer therapy. For many
years, apoptosis has taken a center stage as the most important mechanism of programmed
cell death in mammalian tissues. Apoptosis is a common mode of action for chemotherapeutic
agents including natural product-derived drugs [57,58]. Four categories of dynamic cellular
activities, which lead to cell death, have been described: apoptosis, autophagy, necrosis, and
mitotic catastrophe [59]. With contemporary development in cancer research, it has also been
increasingly noted that conventional chemotherapeutic agents not only elicit apoptosis but
also activate other modes of cell death such as necrosis, mitotic catastrophe, senescence, and
autophagy [60].

4.1. The role of natural compounds in autophagic cell signaling 

Plants have a long recorded history to employ in the treatment of cancer [54] and represent the most important direct antecedent to 
contemporary anticancer drugs [55]. Recently, some of the most encouraging clinical evidences and promising anticancer natural 
herbal compounds let us to reconstruct the story of these plants and their ultimate role in chemotherapy [56]. To provide a 
paradigm of the most contemporary progress in this field, there were number of compounds namely artesunate, 
homoharringtonine, arsenic trioxide and cantharidin isolated from natural products and have the potential for use in cancer 
therapy. For many years, apoptosis has taken a center stage as the most important mechanism of programmed cell death in 
mammalian tissues. Apoptosis is a common mode of action for chemotherapeutic agents including natural product-derived drugs 
[57,58]. Four categories of dynamic cellular activities, which lead to cell death, have been described: apoptosis, autophagy, necrosis, 
and mitotic catastrophe [59]. With contemporary development in cancer research, it has also been increasingly noted that 
conventional chemotherapeutic agents not only elicit apoptosis but also activate other modes of cell death such as necrosis, mitotic 
catastrophe, senescence, and autophagy [60].  

Sr. No English Name Chinese Name M.W IC50 ( μM ) 
1 Artesunate 青蒿琥酯 384.43 44.7±5.3 
2 Isoalantolactone 异土木香内酯 232.318 34.9±3.4 
3 Cucurbitacin Ⅱa 雪胆素甲（雪胆甲素） 574.702 17.9±3.4 
4 Tubeimiside-1 土贝母苷甲 1319.43 20.7±1.3 
5 20(S)-Ginsenoside Rh2 20(S)-人参皂苷Rh2 622.6 18.9±1.3 
6 Shikonin 左旋紫草素 288.295 19.7±0.9 
7 Cepharanthin 千金藤素 606.707 20.4±3.6 
8 Evodiamine 吴茱萸碱 303.358 11.7±1.9 
9 Chelerythrine 白屈菜红碱 348.36 18.4±2.6 
10 Patchouli alcohol 百秋李醇 222.366 29.3±3.8 
11 Dracorhodin perchlorate 血竭素高氯酸盐 366.75 54.9±4.3 
12 Resveratrol 白藜芦醇 390 16.4±2.7 
13 Podophyllotoxin 鬼臼毒素 414.405 19.4±2.7 
14 Oridonin 冻凌草甲素 364.43 18.4±0.7 
15 Curcumin 姜黄素 368.38 28.7±2.3 
16 Magnolol 厚朴酚 266.33 64.9±4.3 
17 Costunolide 木香烃内酯 232.32 37.7±3.3 
18 Pseudolaric acid 土荆皮乙酸 430.491 8.7±1.9 

Table 1. MMT assay results of the cytotoxic activities of various compounds against cancer cells with their IC50 values. 

Autophagy represents a major route for degradation of aggregated cellular proteins and dysfunctional organelles. Accumulated 
lines of evidence have recently revealed that targeting autophagic signaling pathways might be a promising avenue for potential 
therapeutic purposes. Alterations in autophagy are thought to play an important role in the pathogenesis of many diseases—for 
example, Autophagy is closely associated with tumors and plays an important role in human tumor suppression, so inducing 
autophagy is a potential therapeutic strategy in adjuvant chemotherapy [61,62]. Many studies have demonstrated that anticancer 
agents induce autophagy, leading to the implications that autophagic cell death may be a vital mechanism for tumor cell killing by 
these agents [63] and are beneficial in the context of various models of cancer cells. The autophagy machinery interfaces many 
cellular stress-response pathways, and recent studies depict that defects in autophagy lead to cancer cell proliferation [64]. The 
regulation of autophagy in cancer cells can enhance tumor cell survival, yet can also suppress the initiation of tumor growth. 
Understanding the signaling pathways involved in the regulation of autophagy is crucial to the development of anticancer 
therapies [21]. In this chapter, we reviewed the natural compounds molecular mechanisms of autophagy and examined ongoing 
drug discovery strategies for modulating autophagy for therapeutic benefits. The natural anti-tumor agents have led to enhanced 
enthusiasm for the development of drugs that target the various aspects of the autophagic pathways. Some of these autophagic 
cellular approaches by representative natural compounds in autophagic induced cell death have been outlined in Fig. 3. In 
addition, magnolol and evodiamine have been illustrated in detail.  

4.2. Magnolol 

In our own studies, performing the screen for natural compounds that induce autophagy, we identified magnolol [52]. Magnolol, a 
natural compound, has been reported to inhibit  growth in a variety of tumor cells [65]. Several researchers reported that magnolol-
induced cell death involve apoptosis while Li et al [66] reported that magnolol-induced death occurs via autophagy but not 
apoptosis. We observed that there was no significant formation of AVOs at low concentration while AVOs were formed at a higher 
concentration of magnolol treated cells. The formation of acidic vesicular organelles (AVOs) is one of the characteristic features of 
cells, which passes through process of autophagy after their exposure to different autophagy inducer agents [67,68]. Autophagic 
vacuoles (AV) or autophagosomes are formed as result of sequestering of parts of the cytoplasm or entire organelles respectively 

Table 1. MMT assay results of the cytotoxic activities of various compounds against cancer cells with their IC50 values.

Autophagy represents a major route for degradation of aggregated cellular proteins and
dysfunctional  organelles.  Accumulated  lines  of  evidence  have  recently  revealed  that
targeting  autophagic  signaling  pathways  might  be  a  promising  avenue  for  potential
therapeutic purposes. Alterations in autophagy are thought to play an important role in the
pathogenesis of many diseases—for example, Autophagy is closely associated with tumors
and plays  an  important  role  in  human tumor  suppression,  so  inducing  autophagy is  a
potential  therapeutic  strategy  in  adjuvant  chemotherapy  [61,62].  Many  studies  have
demonstrated  that  anticancer  agents  induce  autophagy,  leading  to  the  implications  that
autophagic cell death may be a vital mechanism for tumor cell killing by these agents [63]
and are beneficial in the context of various models of cancer cells. The autophagy machi‐
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nery  interfaces  many  cellular  stress-response  pathways,  and  recent  studies  depict  that
defects in autophagy lead to cancer cell proliferation [64]. The regulation of autophagy in
cancer cells can enhance tumor cell survival, yet can also suppress the initiation of tumor
growth. Understanding the signaling pathways involved in the regulation of autophagy is
crucial to the development of anticancer therapies [21].  In this chapter, we reviewed the
natural  compounds  molecular  mechanisms  of  autophagy  and  examined  ongoing  drug
discovery strategies for modulating autophagy for therapeutic benefits.  The natural anti-
tumor agents have led to enhanced enthusiasm for the development of drugs that target
the  various  aspects  of  the  autophagic  pathways.  Some of  these  autophagic  cellular  ap‐
proaches by representative natural compounds in autophagic induced cell death have been
outlined in Fig. 3. In addition, magnolol and evodiamine have been illustrated in detail.

4.2. Magnolol

In our own studies, performing the screen for natural compounds that induce autophagy, we
identified magnolol [52]. Magnolol, a natural compound, has been reported to inhibit growth
in a variety of tumor cells [65]. Several researchers reported that magnolol-induced cell death
involve apoptosis while Li et al [66] reported that magnolol-induced death occurs via autoph‐
agy but not apoptosis. We observed that there was no significant formation of AVOs at low
concentration while AVOs were formed at a higher concentration of magnolol treated cells.
The formation of acidic vesicular organelles (AVOs) is one of the characteristic features of cells,
which passes through process of autophagy after their exposure to different autophagy
inducer agents [67,68]. Autophagic vacuoles (AV) or autophagosomes are formed as result of
sequestering of parts of the cytoplasm or entire organelles respectively during the process of
autophagy [62]. Currently autophagic cell death has been studied as a potential method for
cancer therapy. To determine the role of magnolol-induced autophagy in killing the SGC-7901
cells, we added the autophagy inhibitor, 3-methyladenine (3-MA), which controlled autoph‐
agy pathway at various points [8]. In contrast to the previous report [69], it was found that
magnolol-induced cell death was not suppressed when treating the cells in combination with
3-MA. These results showed that magnolol-induced autophagy is not involved in the induction
of SGC-7901 cell death. In addition, the findings also demonstrated that magnolol-induced
autophagy may has an effect on ATP level in the SGC-7901 cells and supported those obser‐
vations which showed that autophagy may alter the morphological and cellular events (ATP,
cells blebbing and DNA fragmentation) that take place in apoptotic cell death, without leading
to cell death in itself [8].

4.3. Evodiamine

Evodiamine is a naturally occurring quinolone alkaloid found in the fruit of Evodia rutaecar‐
pa. The data of several studies concerning the cytotoxic activity on cancer cells demonstrated
that evodiamine inhibited the growth of several tumor cells [70]. Results from our screen
indicate that evodiamine induced apoptosis and autophagy simultaneously in human gastric
cancer cells. Evodiamine has been reported as an inducer of autophagy in human cervical
carcinoma HeLa cells [71]. Autophagy is closely associated with tumors and plays an impor‐
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pounds let us to reconstruct the story of these plants and their ultimate role in chemotherapy
[56]. To provide a paradigm of the most contemporary progress in this field, there were number
of compounds namely artesunate, homoharringtonine, arsenic trioxide and cantharidin
isolated from natural products and have the potential for use in cancer therapy. For many
years, apoptosis has taken a center stage as the most important mechanism of programmed
cell death in mammalian tissues. Apoptosis is a common mode of action for chemotherapeutic
agents including natural product-derived drugs [57,58]. Four categories of dynamic cellular
activities, which lead to cell death, have been described: apoptosis, autophagy, necrosis, and
mitotic catastrophe [59]. With contemporary development in cancer research, it has also been
increasingly noted that conventional chemotherapeutic agents not only elicit apoptosis but
also activate other modes of cell death such as necrosis, mitotic catastrophe, senescence, and
autophagy [60].

4.1. The role of natural compounds in autophagic cell signaling 

Plants have a long recorded history to employ in the treatment of cancer [54] and represent the most important direct antecedent to 
contemporary anticancer drugs [55]. Recently, some of the most encouraging clinical evidences and promising anticancer natural 
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therapy. For many years, apoptosis has taken a center stage as the most important mechanism of programmed cell death in 
mammalian tissues. Apoptosis is a common mode of action for chemotherapeutic agents including natural product-derived drugs 
[57,58]. Four categories of dynamic cellular activities, which lead to cell death, have been described: apoptosis, autophagy, necrosis, 
and mitotic catastrophe [59]. With contemporary development in cancer research, it has also been increasingly noted that 
conventional chemotherapeutic agents not only elicit apoptosis but also activate other modes of cell death such as necrosis, mitotic 
catastrophe, senescence, and autophagy [60].  
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Autophagy represents a major route for degradation of aggregated cellular proteins and dysfunctional organelles. Accumulated 
lines of evidence have recently revealed that targeting autophagic signaling pathways might be a promising avenue for potential 
therapeutic purposes. Alterations in autophagy are thought to play an important role in the pathogenesis of many diseases—for 
example, Autophagy is closely associated with tumors and plays an important role in human tumor suppression, so inducing 
autophagy is a potential therapeutic strategy in adjuvant chemotherapy [61,62]. Many studies have demonstrated that anticancer 
agents induce autophagy, leading to the implications that autophagic cell death may be a vital mechanism for tumor cell killing by 
these agents [63] and are beneficial in the context of various models of cancer cells. The autophagy machinery interfaces many 
cellular stress-response pathways, and recent studies depict that defects in autophagy lead to cancer cell proliferation [64]. The 
regulation of autophagy in cancer cells can enhance tumor cell survival, yet can also suppress the initiation of tumor growth. 
Understanding the signaling pathways involved in the regulation of autophagy is crucial to the development of anticancer 
therapies [21]. In this chapter, we reviewed the natural compounds molecular mechanisms of autophagy and examined ongoing 
drug discovery strategies for modulating autophagy for therapeutic benefits. The natural anti-tumor agents have led to enhanced 
enthusiasm for the development of drugs that target the various aspects of the autophagic pathways. Some of these autophagic 
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In our own studies, performing the screen for natural compounds that induce autophagy, we identified magnolol [52]. Magnolol, a 
natural compound, has been reported to inhibit  growth in a variety of tumor cells [65]. Several researchers reported that magnolol-
induced cell death involve apoptosis while Li et al [66] reported that magnolol-induced death occurs via autophagy but not 
apoptosis. We observed that there was no significant formation of AVOs at low concentration while AVOs were formed at a higher 
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Autophagy represents a major route for degradation of aggregated cellular proteins and
dysfunctional  organelles.  Accumulated  lines  of  evidence  have  recently  revealed  that
targeting  autophagic  signaling  pathways  might  be  a  promising  avenue  for  potential
therapeutic purposes. Alterations in autophagy are thought to play an important role in the
pathogenesis of many diseases—for example, Autophagy is closely associated with tumors
and plays  an  important  role  in  human tumor  suppression,  so  inducing  autophagy is  a
potential  therapeutic  strategy  in  adjuvant  chemotherapy  [61,62].  Many  studies  have
demonstrated  that  anticancer  agents  induce  autophagy,  leading  to  the  implications  that
autophagic cell death may be a vital mechanism for tumor cell killing by these agents [63]
and are beneficial in the context of various models of cancer cells. The autophagy machi‐
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nery  interfaces  many  cellular  stress-response  pathways,  and  recent  studies  depict  that
defects in autophagy lead to cancer cell proliferation [64]. The regulation of autophagy in
cancer cells can enhance tumor cell survival, yet can also suppress the initiation of tumor
growth. Understanding the signaling pathways involved in the regulation of autophagy is
crucial to the development of anticancer therapies [21].  In this chapter, we reviewed the
natural  compounds  molecular  mechanisms  of  autophagy  and  examined  ongoing  drug
discovery strategies for modulating autophagy for therapeutic benefits.  The natural anti-
tumor agents have led to enhanced enthusiasm for the development of drugs that target
the  various  aspects  of  the  autophagic  pathways.  Some of  these  autophagic  cellular  ap‐
proaches by representative natural compounds in autophagic induced cell death have been
outlined in Fig. 3. In addition, magnolol and evodiamine have been illustrated in detail.

4.2. Magnolol

In our own studies, performing the screen for natural compounds that induce autophagy, we
identified magnolol [52]. Magnolol, a natural compound, has been reported to inhibit growth
in a variety of tumor cells [65]. Several researchers reported that magnolol-induced cell death
involve apoptosis while Li et al [66] reported that magnolol-induced death occurs via autoph‐
agy but not apoptosis. We observed that there was no significant formation of AVOs at low
concentration while AVOs were formed at a higher concentration of magnolol treated cells.
The formation of acidic vesicular organelles (AVOs) is one of the characteristic features of cells,
which passes through process of autophagy after their exposure to different autophagy
inducer agents [67,68]. Autophagic vacuoles (AV) or autophagosomes are formed as result of
sequestering of parts of the cytoplasm or entire organelles respectively during the process of
autophagy [62]. Currently autophagic cell death has been studied as a potential method for
cancer therapy. To determine the role of magnolol-induced autophagy in killing the SGC-7901
cells, we added the autophagy inhibitor, 3-methyladenine (3-MA), which controlled autoph‐
agy pathway at various points [8]. In contrast to the previous report [69], it was found that
magnolol-induced cell death was not suppressed when treating the cells in combination with
3-MA. These results showed that magnolol-induced autophagy is not involved in the induction
of SGC-7901 cell death. In addition, the findings also demonstrated that magnolol-induced
autophagy may has an effect on ATP level in the SGC-7901 cells and supported those obser‐
vations which showed that autophagy may alter the morphological and cellular events (ATP,
cells blebbing and DNA fragmentation) that take place in apoptotic cell death, without leading
to cell death in itself [8].

4.3. Evodiamine

Evodiamine is a naturally occurring quinolone alkaloid found in the fruit of Evodia rutaecar‐
pa. The data of several studies concerning the cytotoxic activity on cancer cells demonstrated
that evodiamine inhibited the growth of several tumor cells [70]. Results from our screen
indicate that evodiamine induced apoptosis and autophagy simultaneously in human gastric
cancer cells. Evodiamine has been reported as an inducer of autophagy in human cervical
carcinoma HeLa cells [71]. Autophagy is closely associated with tumors and plays an impor‐
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tant role in human tumor suppression, so inducing the autophagy is a potential therapeutic
strategy in adjuvant chemotherapy [61,62]. When the cells are exposed to various autophagy
inducer agents, they form acidic vesicular organelles, which is an important characteristic of
autophagy [67,68]. Thus, we observed the effect of evodiamine treatment on the formations of
AVOs in SGC-7901 cells using fluorescence microscopy after staining with the lysosomotropic
agent, acridine orange (AO). These findings indicate that evodiamine, a natural compound,
has the potential to activate autophagy in gastric cancer cells. This result of evodiamine is also
consistent with the results of the studies reporting that natural compounds can induce
autophagy in various cancer cells. We also demonstrated that evodiamine-induced cell death
was partially suppressed when the cells were treated in combination with specific autophagy
inhibitor, 3-MA. These results showed that evodiamine-induced autophagy was partially
involved in the cell death of cancer cells [52]. While our recent studies demonstrated that
autophagy inhibition enhanced evodiamine-induced apoptosis in prostate cancer cells,
indicating a survival function of autophagy (unpublished data). These results corroborate the
line of evidence demonstrating that evodiamine-induced autophagy, implicated in cell
survival, contributes to the cytoprotective role of autophagy [71,72]. These facts demonstrated
that there is still a great discrepancy between roles of natural compounds-induced autophagy
in cancer cells. The role (or more likely roles because as we discuss, distinct functions for
autophagy occur at different times) of natural compounds-induced autophagy in cancer, is a
topic of intense debate. These responses might vary with cell type and type of stress, and will
undoubtedly reflect the nature of the mutational events occurring in the tumor cells, not only
that of BECN1 and the PI3K pathway as described above, but also p53 status [73,74]. Moreover,
it is believe that in short term assays, the phenomenal protection caused by autophagy
inhibition may be due to delay in cell death instead of true protective effect and this inhibition
causes an increase in tumor cell clonogenic growth after drug treatment. In most of the
examples cited above, this appears as a starking effect, as the whole debate is about the drug
induced autophagy and in response to which the cells die (or cells found dead). This novel
approach emerged as an important point because a recent study also supports this myth that
rapamycin-induced autophagy can protect various tumor cell lines against apoptosis induced
by general apoptotic stimuli [75] and may have a similar effect on the action of anticancer
agents. Moreover, similar to etoposide [74], it has been observed that knockdown of Atg genes
does confer a clonogenic survival advantage to cells after treating with anticancer agents and
the used cells have profound defects in their apoptosis machinery [73,74].

4.4. Role of autophagy in cancer: Science or myth?

It is generally believed that the complex two-faced nature of autophagy in tumor cell survival
versus death may help in determining cancer therapeutic potential. So inhibiting autophagy
may enhance anti-cancer drugs efficacy fairly used in chemo- and radiotherapy-induced
activation of autophagic signaling pathways and which may augment anti-tumor activity, and
thus efficacy of radiation and/or anti-cancer drugs. We are still at the initial stages of under‐
standing the complex interplay of autophagy and cancer, but it is incontrovertible that
autophagy is deeply integrated into metabolism, stress response and cell-death pathways [64].
Preliminary evidences, in addition to some natural compounds that induced autophagic cell
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death, support the idea that natural compounds-induced autophagy enhances tumor cell
survival. Anticancer agents that can be involved in the induction of autophagy include
tamoxifen, arsenic trioxide, rapamycin, histone deacetylase inhibitors, temozolomide, ionizing
radiation [63], vitamin D analogues [76], and etoposide [74]. In addition, several natural
compounds, (curcumin, resveratrol, evodiamine, oridonin, and magnolol) in our natural
compounds libraries screen for autophagy inducer, were found to be involved in autophagy.
However, despite the above examples, is autophagy really an important cell death mechanism?
is highly controversial.

Controversy remains as whether autophagy limits or promotes tumor malignancy, till genetic
inactivation of autophagy, is found to promote tumorigenesis constituting a new category of
tumor suppressors including Beclin 1. Some of the oncogenes including PI3K/AKT/mTOR and
Bcl-2 inhibit autophagy causing tumor cells proliferation, while the other oncogenes including
Ras and myc stimulate autophagy [63]. The significance of autophagy at different stages of
tumor progression can be evaluated considering these kaleidoscopic effects. Further investi‐
gations on natural compounds into the impact of autophagy inactivation are warranted. All
of the above data draw many questions in autophagy mechanistic pool focusing whether
autophagy is really an important mechanism of tumor cell killing by anticancer agents in cells
having ability to undergo apoptosis. Rigorous examination also manifest the speculation
whether bona-fide cancer drugs are actually capable of killing tumor cells via autophagy, is
needed. To answer these questions is the need of the hour, as it may determine the route causes
and may best streamline the contradictory approaches in developing effective combination
therapies by regulating autophagy along with anticancer agents. In conclusion, we now have
sound justifications to visualize that manipulation of autophagy may provide a useful way to
prevent cancer development, limit tumor progression, and increase the efficacy of cancer
treatments. This comprehension seems reasonable due to the fact that drugs induce autophagy,
such as rapamycin (as discussed above), and is rapidly gaining a better understanding of how

Figure 3. Representative natural compounds (Resveratrol, Oridonin, Curcumin, and Evodiamine) targeting autophagic
pathways.
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this process works based on the effects of targeted inactivation of autophagy regulators in
mouse models and human tumor cells. More contradictory messages come when we consider
how autophagy affects the ways by which the tumor cells die when we treat them with
anticancer agents. Over the last several decades the therapeutic use of natural compounds that
induce autophagy has been leading us to the implications that autophagic cell death may be
a vital mechanism of tumor cell killing by these agents.

5. Concluding remarks and future perspectives

Accumulated lines of evidence have recently revealed that targeting autophagic signaling
pathways may be a promising avenue for potential therapeutic purposes. Although this
chapter has focused on natural compounds and their role in autophagic cell signaling path‐
ways, future studies investigating the mechanisms of natural compounds-induced autophagy
and their role in cancer cell death. Progress towards better treatment and understanding by
natural compounds may be made by further examining the role of natural compounds and
crosstalk between the apoptosis and the autophagy. Despite these obstacles, many compounds
bring the hope that with sufficient modification by tools of structural biology and combina‐
torial chemistry, it might be possible to derive sufficiently potent drugs to target core autoph‐
agy pathways, and even autophagic networks in cancer cells, rather than their individual gene
or protein components. Indeed, as discussed above, the generally used cancer therapeutics,
especially natural compounds abolish tumors by inducing apoptosis and autophagy. On the
other hand, a better but growing setting approach is required to make a distinction between
the survival-supporting and death-promoting roles of autophagy. Furthermore, for selectivity
and specificity, role of autophagy, along with the elucidation of the signaling pathways those
confer the autophagic response downstream of different stimuli and activate the specific and
therapeutic response, is desired.. In the end we have coherent arguments in favor of principal
paradigm that disease-associated autophagy could be selectively targeted for therapeutics.
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1. Introduction

Successful microorganisms are those that can evade the immune responses of the host. To reach
this purpose, many pathogens have evolved as intracellular organisms, acquiring the capacity
to live and to develop inside cells. This cellular parasitism has many benefits for pathogens
such as protection from circulating antibodies, free access to nutrients and to specialized
compartments that microorganisms use to establish their replicative niches. According to their
particular lifestyles and requirements, many pathogens such as L.monocytogenes, Shigella or T.
cruzi; reproduce in cell cytosol, while others target specific vesicles to generate particular
compartments called parasitophorous vacuoles (PVs). This class of parasitism is utilized by
M. tuberculosis, C. burnetii or T. gondii. On the other hand, in response to this level of adaptation,
mammalian cells have developed different processes for eliminating intracellular microor‐
ganisms or for keeping them under strict control. These mechanisms are part of the innate
immune responses, being phagocytosis (and the related processes) the best characterized.
Innate cellular immunity also encompasses the autophagic process, a well conserved eukary‐
otic pathway that interacts with intracellular pathogens under certain circumstances to
produce the destruction of the foreign organism. Autophagy comprises the inclusion of
pathogens in autophagic-derived compartments and delivers them in lysosomes for digestion.
Some pathogens, however, have acquired the capacity to subvert autophagy for their own
benefit. This chapter will describe the interaction between intracellular microorganisms and
the defense mechanisms of host cells, with special focus on the dual involvement of autophagy
against pathogens, and the net outcome of this interaction.
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2. The phagocytosis process

Phagocytosis is a form of endocytosis mainly present in specialized types of cells: the profes‐
sional phagocytes that include the neutrophil, monocytes/macrophages, and dendritic cells.
In the initial stage of phagocytosis, the cells change shape by sending out membrane projec‐
tions (pseudopodia) that contact and surround the particle (bacteria, apoptotic bodies, etc) in
a receptor-mediated and actin-dependent process (Figure 1). When the tips of the pseudopodia
meet each other, membrane fusion occurs and the particle is enveloped in a vesicular com‐
partment called phagosome. According to the type of internalized particle and the class of
phagocyte involved, a different set of processes are activated that end in the destruction of the
enclosed material. These mechanisms involve:

2.1. The respiratory or oxidative burst

The respiratory or oxidative burst is produced by the activity of specialized enzymes such as
NADPH oxidase, which generates superoxide that recombines with other molecules as NO to
form peroxynitrite, a potent oxidant agent against bacteria and parasites. Neutrophils and
monocytes also utilize myeloperoxidase to further combine H2O2 with Cl- to produce hypo‐
chlorite, a harmful component of phagosomes [1]

2.2. The production of microbicidal substances

Lysozime and defensins attack cell walls and membranes of certain bacteria.

2.3. Phagosome maturation

Phagosome maturation is a process that confers to nascent phagosomes the ability to kill
pathogens or to degrade the ingested materials. Phagosomal maturation involves a complex
sequence of reactions that result in the drastic remodeling of the phagosomal membrane and
contents, produced as a consequence of vesicular fusion and fission events between the nascent
vacuole and other cellular compartments mainly belonging to the endocytic pathway [2]. Rab
and SNARES proteins are the main molecular components that regulate these events. Rabs are
small GTP-binding proteins that control intracellular trafficking and supervise the mainte‐
nance of specific organellar identity, whereas SNARES are transmembrane proteins that,
associating with their specific partners, form complexes that are the final executioners of the
fusion processes between membranes. Interactions between phagosomes and endosomes
commence soon after phagosome sealing, in a fashion that recapitulates the endocytic
sequence: nascent (early) phagosomes (Eph) seemingly fuse initially with sorting (early)
endosomes (EE), followed by late endosomes (LE) and ultimately lysosomes (Ly). Therefore,
the membrane of Eph initially acquires components present in early endosomes such as Rab
5, phosphatidylinositol 3-phosphate (PI3P), Early Endosomal Antigen 1 (EEA-1) and Vamp-3.
In contrast, late phagosomes (Lph) present Rab 7, Mannose-6-phosphate receptor, Vamp-7 and
Lysosomal associated membrane proteins 1 and 2 (LAMPS 1 and 2) [2]. Furthermore, the
luminal environment of phagosomes turned progressively more acidic due to the accumula‐
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tion of H+ ATPase complexes in the phagosome membrane [3]. Phagolysosomes (PLy), the
hybrid compartment generated by fusion between Lph and lysosomes, reach a pH of around
4.5, favoring the maturation of acidic hydrolases that will finally digest the materials (Figure
1, red compartments). Lysosomes contain several proteases, including Cathepsin D and
Elastase, which are essential for killing various bacteria.

Phagophorus MVB 

EE 
Eph 

Lph 

PLy 

EAP 

AP 

APL Ly 

GC 

ER 

Pseudopodia 

   EE: Early endosome                       ER: Endoplasmic Reticulum              Eph: Early phagosome                           EAP: Early Autophagosome 
   MVB: Multi vesicular bodies       GC: Golgi complex                               Lph: Late phagosome                             AP: Amphisome                     
   Ly: Lysosomes                                 PM: Plasma membrane                     PLy: Phagolysosome                               APL: Autophagolyosome       
   Rab 5                                                 EEA-1                                                     Vamp 7                                                       LC3 
   Vamp 3                                              Rab 7                                                     H+-ATPase                                                  Lysosomal enzymes 
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Preautophagosomal 
structures (PAS) 
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Figure 1. Phagocytosis and autophagy are the main cellular processes involved in the innate immune respons‐
es against pathogens. The scheme depicts the vesicular compartments that belong to each process and the main
molecules that characterize them. Note that earlier, non-degradative compartments are colored in blue whereas acid‐
ic, lysosomal derived compartments are showed in red.

All these mechanisms generate a high level of protection against a wide range of patho‐
gens.  Paradoxically,  phagocytosis  can  also  have  deleterious  effects  for  the  host:  certain
pathogens, exemplified by Mycobacteria, take advantage of the phagocytic machinery to gain
access to the cell interior where, by subverting the maturation process, become intracellu‐
lar pathogens [4–6].

Phagocytosis can also be produced in a class of cells different from immune cells. These “non
-professional phagocytes” are cells with low phagocytic competence. Pathogens that can
colonize these cells avoid the harmful ambient of the phagocyte-derived phagosome because
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2. The phagocytosis process

Phagocytosis is a form of endocytosis mainly present in specialized types of cells: the profes‐
sional phagocytes that include the neutrophil, monocytes/macrophages, and dendritic cells.
In the initial stage of phagocytosis, the cells change shape by sending out membrane projec‐
tions (pseudopodia) that contact and surround the particle (bacteria, apoptotic bodies, etc) in
a receptor-mediated and actin-dependent process (Figure 1). When the tips of the pseudopodia
meet each other, membrane fusion occurs and the particle is enveloped in a vesicular com‐
partment called phagosome. According to the type of internalized particle and the class of
phagocyte involved, a different set of processes are activated that end in the destruction of the
enclosed material. These mechanisms involve:

2.1. The respiratory or oxidative burst

The respiratory or oxidative burst is produced by the activity of specialized enzymes such as
NADPH oxidase, which generates superoxide that recombines with other molecules as NO to
form peroxynitrite, a potent oxidant agent against bacteria and parasites. Neutrophils and
monocytes also utilize myeloperoxidase to further combine H2O2 with Cl- to produce hypo‐
chlorite, a harmful component of phagosomes [1]

2.2. The production of microbicidal substances

Lysozime and defensins attack cell walls and membranes of certain bacteria.

2.3. Phagosome maturation

Phagosome maturation is a process that confers to nascent phagosomes the ability to kill
pathogens or to degrade the ingested materials. Phagosomal maturation involves a complex
sequence of reactions that result in the drastic remodeling of the phagosomal membrane and
contents, produced as a consequence of vesicular fusion and fission events between the nascent
vacuole and other cellular compartments mainly belonging to the endocytic pathway [2]. Rab
and SNARES proteins are the main molecular components that regulate these events. Rabs are
small GTP-binding proteins that control intracellular trafficking and supervise the mainte‐
nance of specific organellar identity, whereas SNARES are transmembrane proteins that,
associating with their specific partners, form complexes that are the final executioners of the
fusion processes between membranes. Interactions between phagosomes and endosomes
commence soon after phagosome sealing, in a fashion that recapitulates the endocytic
sequence: nascent (early) phagosomes (Eph) seemingly fuse initially with sorting (early)
endosomes (EE), followed by late endosomes (LE) and ultimately lysosomes (Ly). Therefore,
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Lysosomal associated membrane proteins 1 and 2 (LAMPS 1 and 2) [2]. Furthermore, the
luminal environment of phagosomes turned progressively more acidic due to the accumula‐
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tion of H+ ATPase complexes in the phagosome membrane [3]. Phagolysosomes (PLy), the
hybrid compartment generated by fusion between Lph and lysosomes, reach a pH of around
4.5, favoring the maturation of acidic hydrolases that will finally digest the materials (Figure
1, red compartments). Lysosomes contain several proteases, including Cathepsin D and
Elastase, which are essential for killing various bacteria.
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Figure 1. Phagocytosis and autophagy are the main cellular processes involved in the innate immune respons‐
es against pathogens. The scheme depicts the vesicular compartments that belong to each process and the main
molecules that characterize them. Note that earlier, non-degradative compartments are colored in blue whereas acid‐
ic, lysosomal derived compartments are showed in red.

All these mechanisms generate a high level of protection against a wide range of patho‐
gens.  Paradoxically,  phagocytosis  can  also  have  deleterious  effects  for  the  host:  certain
pathogens, exemplified by Mycobacteria, take advantage of the phagocytic machinery to gain
access to the cell interior where, by subverting the maturation process, become intracellu‐
lar pathogens [4–6].

Phagocytosis can also be produced in a class of cells different from immune cells. These “non
-professional phagocytes” are cells with low phagocytic competence. Pathogens that can
colonize these cells avoid the harmful ambient of the phagocyte-derived phagosome because
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many of the killing processes described for phagocytes are low or absent in non-professional
phagocytes, keeping lysosomal degradation as the main defense system. In this way, the
autophagic pathway which delivers cytoplasmic materials to lysosomes constitutes an
important mechanism for eliminating pathogens, especially in these non-immune cells.

3. The autophagic pathway

Autophagy is a catabolic process that involves the degradation of cell components through
the  lysosomal  machinery.  Macroautophagy,  the  most  studied  type  of  autophagy,  is
important  in  many  physiological  situations  such  as  development,  cell  growth,  and  cell
differentiation. As a constitutive process, autophagy functions at basal levels in the turnover
of long lived proteins and old organelles for maintaining cellular homeostasis. It can also
be stimulated under different stress situations such as nutrient starvation, oxidative stress
and intracellular infections [7].

The autophagic process involves specific compartments inside the cell. The initial preauto‐
phagosomal structures (PAS) are recruited to the cellular sites where autophagy is initiated [8].
A large number of studies have shown that specialized regions of the endoplasmic reticulum
(ER) are involved in the formation of PAS [9,10]. However, more recent data indicate that
besides ER other compartments like mitochondria, Golgi complex (GC) or plasma membrane
(PM) may participate in this process [11–13]. The phagophorus, or isolation membrane,
generated by fusion of PAS, is a curved membrane that in a way similar to that of the pseu‐
dopodia of macrophages, wraps the materials to be trapped which, in this case, consist of
soluble or membranous content from cytoplasm (Figure 1, left). This membrane finally closes
in a structure called autophagosome that transports the cargo for degradation. Immature
(early) autophagosomes (EAP) are double-membrane vesicles easily recognized by electron
microscopy [14]. Autophagosomes fuse with endocytic compartments (LE or multivesicular
bodies, MVB) to form amphisomes (AP) that, in turn, fuse with lysosomes; forming autopha‐
golysosomes (APL) where the materials are degraded (Figure 1, red compartments).

At  the  molecular  level,  a  large  number  of  proteins  engage  in  autophagy.  The  specific
autophagy related proteins (Atgs) are a large family of proteins that regulate the nuclea‐
tion of PAS, and the formation and elongation of phagophorus and autophagosomes. At
least 16 genes were found to be important for autophagy in yeasts, especially in the PAS
nucleation [15]. Two protein conjugation reactions, both catalyzed by the action of Atg7,
(an E3-like ubiquitin ligase activity), are mainly required for autophagosome formation in
mammals.  The  mammalian  Atg5-Atg12-Atg16L  complex  is  recruited  to  the  isolation
membranes, favoring the elongation of the precursor membrane. The second conjugation
system yields LC3-II which inserts into the autophagosomal membrane and contributes to
vesicle elongation [16]. Pro-LC3 is initially cleaved by Atg4 to produce LC3-I. This molecule
is  a  soluble  protein  distributed  in  the  cytoplasm.  After  autophagic  induction,  LC3-I  is
conjugated with phosphatidylethanolamine (PE), allowing the insertion in the membrane
of autophagic vesicles [16]. Two key signaling nodes converge to correlate autophagy with
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cell nutrient or stress conditions. The Tor-Atg1 signaling cascade transduces the response
from  growth  factors,  via  class  I  PI3K,  Akt/PKB,  and  so  forth,  to  negatively  regulate
autophagy [17]. The second system, formed by Beclin1 (Atg6) and hVps34, is a lipid kinase
that  produces  PI3P,  which plays  a  pivotal  role  in  early  autophagosome formation,  LC3
lipidation and the maturation of autophagosomes into autolysosomes [18].

Proteins that regulate transport and fusion events between vesicles are also important in
autophagosome formation and maturation. Rab 7, a protein involved in transport to late
endosomes and in the biogenesis of the perinuclear lysosome compartment is required for the
normal progression of autophagosomes to autophagolysosomes [19]. The N-ethylmaleimide-
sensitive factor attachment protein receptors (SNARES) Vamp3 and Vamp7 are important
during the first steps of autophagy [20,21], whereas Vamp7 and Vamp8 also participate in the
autophagosome-lysosome fusion [20,22]. Furthermore, it has been recently shown that actin
has a role in the very early stages of autophagosome formation, linked to the PI3P generation
step [23]. The description above shows that autophagosome formation and maturation engage
similar molecular transport components and fusion machinery than that required for pro‐
gression in endocytic and phagocytic pathways (Figure 1).

The process of autophagy can be monitored intracellularly by utilizing LC3 fused to a
fluorescent protein (GFP-LC3 or mCherry-LC3). As the fluorescent LC3 is incorporated into
autophagosomes, they can be seen as small puncta within the cell. As autophagy is a highly
dynamic process, the number of puncta seen in a cell is a function of initiation as well as
clearance (lysosomal fusion and subsequent degradation) [24]. Autophagosome initiation can
be inhibited by blocking Class III PI3 kinases (Vps34) with 3-methyladenine or wortmannin,
or by knockdown of essential factors such as Atg5 or Beclin-1, a component of Vps34 kinase
complex. Autophagosome clearance can be prevented by interfering with lysosomal fusion by
Bafilomycin A1, chloroquine, and other agents that tend to alkalinize the lysosome (e.g.
NH4Cl). Rapamycin inhibits the TOR signaling pathway, leading to induction of autophagy.
Spermidine and resveratrol have been recently characterized as autophagy inducers. Genetic
and functional studies indicate that spermidine inhibits histone acetylases, while resveratrol
activates the histone deacetylase Sirtuin 1. Although it remains elusive whether the same
histones (or perhaps other nuclear or cytoplasmic proteins) act as the downstream targets of
spermidine and resveratrol, these results point to an essential role of protein hypoacetylation
in autophagy control [25]. This hipoacetylated protein status leads to upregulation of several
atg genes, including atg7, atg11 and atg15 in several organisms such as mammals, yeasts,
nematodes and flies [26].

As explained above, host autophagy is a component of the innate responses against intracel‐
lular pathogens that generally functions as a second barrier when phagocytic or other defense
mechanisms are exceeded. However, some pathogens have the capacity to evade autophagic
responses or to subvert the autophagic pathway and to live and replicate inside autophago‐
somal compartments. The following sections describe the opposite effects of autophagic
response against microorganisms.
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A large number of studies have shown that specialized regions of the endoplasmic reticulum
(ER) are involved in the formation of PAS [9,10]. However, more recent data indicate that
besides ER other compartments like mitochondria, Golgi complex (GC) or plasma membrane
(PM) may participate in this process [11–13]. The phagophorus, or isolation membrane,
generated by fusion of PAS, is a curved membrane that in a way similar to that of the pseu‐
dopodia of macrophages, wraps the materials to be trapped which, in this case, consist of
soluble or membranous content from cytoplasm (Figure 1, left). This membrane finally closes
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(early) autophagosomes (EAP) are double-membrane vesicles easily recognized by electron
microscopy [14]. Autophagosomes fuse with endocytic compartments (LE or multivesicular
bodies, MVB) to form amphisomes (AP) that, in turn, fuse with lysosomes; forming autopha‐
golysosomes (APL) where the materials are degraded (Figure 1, red compartments).

At  the  molecular  level,  a  large  number  of  proteins  engage  in  autophagy.  The  specific
autophagy related proteins (Atgs) are a large family of proteins that regulate the nuclea‐
tion of PAS, and the formation and elongation of phagophorus and autophagosomes. At
least 16 genes were found to be important for autophagy in yeasts, especially in the PAS
nucleation [15]. Two protein conjugation reactions, both catalyzed by the action of Atg7,
(an E3-like ubiquitin ligase activity), are mainly required for autophagosome formation in
mammals.  The  mammalian  Atg5-Atg12-Atg16L  complex  is  recruited  to  the  isolation
membranes, favoring the elongation of the precursor membrane. The second conjugation
system yields LC3-II which inserts into the autophagosomal membrane and contributes to
vesicle elongation [16]. Pro-LC3 is initially cleaved by Atg4 to produce LC3-I. This molecule
is  a  soluble  protein  distributed  in  the  cytoplasm.  After  autophagic  induction,  LC3-I  is
conjugated with phosphatidylethanolamine (PE), allowing the insertion in the membrane
of autophagic vesicles [16]. Two key signaling nodes converge to correlate autophagy with
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cell nutrient or stress conditions. The Tor-Atg1 signaling cascade transduces the response
from  growth  factors,  via  class  I  PI3K,  Akt/PKB,  and  so  forth,  to  negatively  regulate
autophagy [17]. The second system, formed by Beclin1 (Atg6) and hVps34, is a lipid kinase
that  produces  PI3P,  which plays  a  pivotal  role  in  early  autophagosome formation,  LC3
lipidation and the maturation of autophagosomes into autolysosomes [18].

Proteins that regulate transport and fusion events between vesicles are also important in
autophagosome formation and maturation. Rab 7, a protein involved in transport to late
endosomes and in the biogenesis of the perinuclear lysosome compartment is required for the
normal progression of autophagosomes to autophagolysosomes [19]. The N-ethylmaleimide-
sensitive factor attachment protein receptors (SNARES) Vamp3 and Vamp7 are important
during the first steps of autophagy [20,21], whereas Vamp7 and Vamp8 also participate in the
autophagosome-lysosome fusion [20,22]. Furthermore, it has been recently shown that actin
has a role in the very early stages of autophagosome formation, linked to the PI3P generation
step [23]. The description above shows that autophagosome formation and maturation engage
similar molecular transport components and fusion machinery than that required for pro‐
gression in endocytic and phagocytic pathways (Figure 1).

The process of autophagy can be monitored intracellularly by utilizing LC3 fused to a
fluorescent protein (GFP-LC3 or mCherry-LC3). As the fluorescent LC3 is incorporated into
autophagosomes, they can be seen as small puncta within the cell. As autophagy is a highly
dynamic process, the number of puncta seen in a cell is a function of initiation as well as
clearance (lysosomal fusion and subsequent degradation) [24]. Autophagosome initiation can
be inhibited by blocking Class III PI3 kinases (Vps34) with 3-methyladenine or wortmannin,
or by knockdown of essential factors such as Atg5 or Beclin-1, a component of Vps34 kinase
complex. Autophagosome clearance can be prevented by interfering with lysosomal fusion by
Bafilomycin A1, chloroquine, and other agents that tend to alkalinize the lysosome (e.g.
NH4Cl). Rapamycin inhibits the TOR signaling pathway, leading to induction of autophagy.
Spermidine and resveratrol have been recently characterized as autophagy inducers. Genetic
and functional studies indicate that spermidine inhibits histone acetylases, while resveratrol
activates the histone deacetylase Sirtuin 1. Although it remains elusive whether the same
histones (or perhaps other nuclear or cytoplasmic proteins) act as the downstream targets of
spermidine and resveratrol, these results point to an essential role of protein hypoacetylation
in autophagy control [25]. This hipoacetylated protein status leads to upregulation of several
atg genes, including atg7, atg11 and atg15 in several organisms such as mammals, yeasts,
nematodes and flies [26].

As explained above, host autophagy is a component of the innate responses against intracel‐
lular pathogens that generally functions as a second barrier when phagocytic or other defense
mechanisms are exceeded. However, some pathogens have the capacity to evade autophagic
responses or to subvert the autophagic pathway and to live and replicate inside autophago‐
somal compartments. The following sections describe the opposite effects of autophagic
response against microorganisms.
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3.1. Autophagy as a component of the innate immune responses

In order to internalize host cells, many pathogens induce their own ingestion in phagocytic
cells. After entry, pathogenic microorganisms manipulate the normal (or “canonical”)
phagocytic pathway to evade lysosomal degradation and to achieve the maximal benefits
(protection, nutrition, survival, and replication) from cells. These actions include inhibition of
phagosome maturation, escape from phagosome to cytoplasm and development in a vacuole
with particular characteristics. As a component of immune responses, autophagy hampers
these mechanisms enclosing viruses, bacteria or parasites in compartments which share
characteristics and molecular machinery with canonical autophagosomes, a process usually
named as xenophagy [27]. For a better comprehension of the autophagic action, each patho‐
genic strategy will be described, and the most characteristic pathogen of each group will be
exemplified in the following paragraphs.

• The Mycobacteria case: A marquee feature of the powerful human pathogen Mycobacterium
tuberculosis is its macrophage parasitism. The intracellular survival of this microorganism
rests upon its ability to arrest phagolysosome biogenesis, avoid direct cidal mechanisms in
macrophages, and block efficient antigen processing and presentation. Lipoarabinomannan
(LAM) and phoshatidylinositol mannoside (PIM) are two toxins elaborated by Mycobacte‐
rium tuberculosis that stimulate fusion between phagosomes and early endosomes and
prevent Rab conversion on phagosomes by interference with Rab effectors, especially the
type III PI3K (hVps34). LAM abolishes the normal recruitment of PI3K to mycobacterium
phagosomal membrane decreasing the levels of PI3P. The final result is the reduction of the
recruitment of EEA-1 and other effectors and the inhibition of the normal progression from
early to late phagosomes [28]. Thus, a critical feature of the M. tuberculosis phagosome is its
lack of the vacuolar H+ ATPase [29] and mature lysosomal hydrolases, such as Cathepsin
D. In stark contrast, the induction of autophagy by physiological, pharmacological or
immunological signals, including the major antituberculosis Th1 cytokine IFN-gamma, can
overcome mycobacterial phagosome maturation block. Almost ten years ago, Gutierrez and
colleagues demonstrated that when infected macrophages were treated in conditions that
induce autophagy, mycobacterium-containing phagosomes become more acidic and also
acquire markers of maturation, including the vacuolar H+ ATPase, LAMP-1, LBPA and
Cathepsin D. Additionally, starvation promotes recruitment to mycobacterial phagosomes
of critical autophagy components such as LC3, indicating that these phagosomes are
redirected to a compartment with autophagic characteristics that finally fuses with lyso‐
somes [30]. The most remarkable finding of this work was the demonstration that autophagy
induction hampered the survival of this intracellular pathogen, recognizing to autophagy
as an effector of innate immunity (see Figure 2A).

• The group A Streptococcus case: The second case belongs to pathogens that escape from
phagosomes and turn into cytosolic invaders. The Group A of Streptococcus (GAS) is often
internalized into nonphagocytic epithelial cells via the endocytic pathway. At early times
after infection, GAS secrets its major virulence factor: the cytolysin streptolysin O (SLO) that
supports the escape of GAS into the cytoplasm from endosomes [31]. After escaping, GAS
became enveloped by autophagosome-like compartments and were killed upon fusion of
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these compartments with lysosomes. In contrast, in autophagy-deficient Atg5-/- cells, GAS
survived, multiplied, and were released from the cells [32,33]. Additionally a SLO-deficient
mutant of GAS was viable for a longer time than the wild-type strain, although it failed to
escape the endosomes [31]. Both results highlight the crucial role of autophagy in the
suppression of intracellular survival of this pathogen. A similar conclusion was recently
obtained with Staphylococcus aureus. After invasion of non-phagocytic cells, virulent strains
of this gram positive bacterium stimulate autophagy and become entrapped in intracellular
PI3P-enriched vesicles and its effector WIPI-1, a protein present in the membrane of both
phagophores and autophagosomes. This interaction seems to be deleterious for bacteria,
given that these autophagosome-like WIPI-1 positive vesicles that envelope S. aureus are
finally targeted for lysosomal degradation [34].

• The Toxoplasma case: The third strategy used by pathogenic organisms is to create a special‐
ized compartment that remains isolated from the host endocytic or phagocytic networks.
Toxoplasma gondii relies on this mechanism; the membrane of its PV is nonfusogenic due to
its unique composition lacking host proteins. Nonetheless, macrophages infected with
Toxoplasma can reroute the pathogen-containing compartment to lysosomes. Autophagy
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Figure 2. Mechanisms of pathogen-host autophagy interactions. As a component of innate immune responses
against intracellular pathogens, autophagy can effectively eliminate some pathogens, re-routing them to lysosomes
(autophagolysosomes). That is the case of Mycobacterium tuberculosis (A). In contrast, some microorganisms such as
Coxiella burnetii utilize autophagic compartments to delay lysosomal fusion until differentiating into more resistant
forms (B). On the other hand, Trypanosoma cruzi exploits the autophagic pathway to efficiently colonize host cells (C).
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these mechanisms enclosing viruses, bacteria or parasites in compartments which share
characteristics and molecular machinery with canonical autophagosomes, a process usually
named as xenophagy [27]. For a better comprehension of the autophagic action, each patho‐
genic strategy will be described, and the most characteristic pathogen of each group will be
exemplified in the following paragraphs.

• The Mycobacteria case: A marquee feature of the powerful human pathogen Mycobacterium
tuberculosis is its macrophage parasitism. The intracellular survival of this microorganism
rests upon its ability to arrest phagolysosome biogenesis, avoid direct cidal mechanisms in
macrophages, and block efficient antigen processing and presentation. Lipoarabinomannan
(LAM) and phoshatidylinositol mannoside (PIM) are two toxins elaborated by Mycobacte‐
rium tuberculosis that stimulate fusion between phagosomes and early endosomes and
prevent Rab conversion on phagosomes by interference with Rab effectors, especially the
type III PI3K (hVps34). LAM abolishes the normal recruitment of PI3K to mycobacterium
phagosomal membrane decreasing the levels of PI3P. The final result is the reduction of the
recruitment of EEA-1 and other effectors and the inhibition of the normal progression from
early to late phagosomes [28]. Thus, a critical feature of the M. tuberculosis phagosome is its
lack of the vacuolar H+ ATPase [29] and mature lysosomal hydrolases, such as Cathepsin
D. In stark contrast, the induction of autophagy by physiological, pharmacological or
immunological signals, including the major antituberculosis Th1 cytokine IFN-gamma, can
overcome mycobacterial phagosome maturation block. Almost ten years ago, Gutierrez and
colleagues demonstrated that when infected macrophages were treated in conditions that
induce autophagy, mycobacterium-containing phagosomes become more acidic and also
acquire markers of maturation, including the vacuolar H+ ATPase, LAMP-1, LBPA and
Cathepsin D. Additionally, starvation promotes recruitment to mycobacterial phagosomes
of critical autophagy components such as LC3, indicating that these phagosomes are
redirected to a compartment with autophagic characteristics that finally fuses with lyso‐
somes [30]. The most remarkable finding of this work was the demonstration that autophagy
induction hampered the survival of this intracellular pathogen, recognizing to autophagy
as an effector of innate immunity (see Figure 2A).

• The group A Streptococcus case: The second case belongs to pathogens that escape from
phagosomes and turn into cytosolic invaders. The Group A of Streptococcus (GAS) is often
internalized into nonphagocytic epithelial cells via the endocytic pathway. At early times
after infection, GAS secrets its major virulence factor: the cytolysin streptolysin O (SLO) that
supports the escape of GAS into the cytoplasm from endosomes [31]. After escaping, GAS
became enveloped by autophagosome-like compartments and were killed upon fusion of
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these compartments with lysosomes. In contrast, in autophagy-deficient Atg5-/- cells, GAS
survived, multiplied, and were released from the cells [32,33]. Additionally a SLO-deficient
mutant of GAS was viable for a longer time than the wild-type strain, although it failed to
escape the endosomes [31]. Both results highlight the crucial role of autophagy in the
suppression of intracellular survival of this pathogen. A similar conclusion was recently
obtained with Staphylococcus aureus. After invasion of non-phagocytic cells, virulent strains
of this gram positive bacterium stimulate autophagy and become entrapped in intracellular
PI3P-enriched vesicles and its effector WIPI-1, a protein present in the membrane of both
phagophores and autophagosomes. This interaction seems to be deleterious for bacteria,
given that these autophagosome-like WIPI-1 positive vesicles that envelope S. aureus are
finally targeted for lysosomal degradation [34].

• The Toxoplasma case: The third strategy used by pathogenic organisms is to create a special‐
ized compartment that remains isolated from the host endocytic or phagocytic networks.
Toxoplasma gondii relies on this mechanism; the membrane of its PV is nonfusogenic due to
its unique composition lacking host proteins. Nonetheless, macrophages infected with
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plays a key role in this process [35,36]. When CD40 of human or mouse macrophages
infected with T. gondii is stimulated with (CD154+) CD4+ T cells or exposed to anti-CD4
antibodies, the nonfusogenic nature of the PV is reversed and the vacuole fuses with late
endosomes and lysosomes. This fusion is dependent on autophagy, as indicated by the
inhibition of this mechanism in cells knockdown for Beclin 1 or treated with 3-MA, an
inhibitor of phagophore formation. CD40 activation also stimulates expression of LC3 that
localizes to the PV [36].

3.2. Evasion of autophagic responses

Despite the potent effect of autophagy in killing intracellular pathogens, some microbial
pathogens have the capacity to control cellular autophagy and successfully parasitize eukary‐
otic cells. These highly evolved microorganisms have developed specific virulence factors to
protect themselves from autophagic elimination by producing:

• Prevention of autophagy induction: Several viruses direct their products to essential autophagic
proteins, causing them to be functionally inhibited. The herpes virus family can produce
autophagy blockage through different mechanisms. The HSV-1 ICP34.5 viral protein
encoded by herpes simplex virus type 1 blocks Beclin1 function and confers neurovirulence
in mice [37]. A similar mechanism was recently shown for human cytomegalovirus; the virus
protein TRS1 interacts with Beclin 1 to inhibit autophagy [38]. Gamma-herpesviruses,
including important human pathogens such as Epstein Barr virus or Kaposi's sarcoma-
associated HIV, displayed a different type of inhibition. They encode homologs of the
antiapoptotic, host Bcl-2 protein to promote viral replication and pathogenesis. Cellular
Bcl-2 and their viral homologs have the property to bind and inhibit Beclin1, suppressing
both apoptotic and autophagic responses [39]. It is not yet clear whether other intracellular
pathogens besides viruses also actively suppress initiation of the autophagy pathway. In
contrast, many bacteria display the following actions.

• Suppression of autophagosome maturation into autolysosome: Similar to mycobacterium phago‐
some maturation arrest, other pathogens have the ability to suppress autophagosome
maturation. They specifically reside in vacuoles with autophagosomal characteristics in
order to survive and replicate, but avoid transient or permanent fusion with lysosomes.
Porphyromonas gingivalis, a bacterial periodontal pathogen that can localize to atherosclerotic
plaques, traffics to autophagosomes as a way of evading the conventional endocytic
trafficking to lysosomes [40], After intracellular uptake, P. gingivalis transits from early
autophagosomes to late autophagosomes and prevents the formation of autolysosomes, a
mechanism not yet well elucidated [41]. On the other hand, a delay in the delivery of
lysosomal enzymes to phagosomes was initially described for dimorphic bacteria and
named “the pregnant pause”. The dimorphic life cycles of these pathogens have dramatic
consequences for phagosome traffic. In the transmissible state, C. burnetii, L. pneumophila
and others, such as Leishmania sp., block phagosome maturation; after a pregnant pause that
includes the bacterial differentiation process, replicative forms emerge and thrive in
lysosomes [42]. Autophagy is one of the mechanisms activated by these intracellular
pathogens for delaying lysosomal fusion. At late stages of cellular infection, both Coxiella
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burnetii and Legionella pneumophila develop vacuoles that have characteristics of phagoly‐
sosomes and are also decorated with LC3 [43,44]. In the case of C. burnetii, acquisition of
LC3 is even an early event in the transit of phagosomes containing bacterium (Cph) and
depends on bacterial protein synthesis because chloramphenicol avoid this LC3 recruitment
[45]. Interactions with autophagic and also late endocytic compartments are maintained
during the transit of Cph and in the development of the Coxiella replicative vacuoles (CRV)
[46]. Indeed, autophagy induction or the overexpression of autophagic proteins LC3 and
Rab 24 favor the generation and maturation of this CRV [47]. Taking together, these results
demonstrated that C. burnetii transits through the normal endo/phagocytic pathway but
actively interacts with autophagosomes at early times after infection. This intersection
delays fusion with the lysosomal compartment, possibly favoring the intracellular differ‐
entiation and survival of the bacteria. In this period, C. burnetii differentiates from the
transmissible forms (named small cell variant) to the replicative forms (large cell variant)
(Figure 2B). In the case of L. pneumophila, it was recently demonstrated that this bacterium
produced several Type IV effector proteins that control the timing of bacteria during
intracellular transport. The early secretion of DrrA/SidM, LidA, and RalF factors, prolong
association with the ER and permit the persistence of the bacteria in immature autophago‐
somal vacuoles for a period sufficient to differentiate into an acid-resistant, replicative form.
Subsequent secretion of LepB releases the block of autophagosome maturation, and the
adapted progeny continue to replicate within autophagolysosomes [48].

• Evasion of pathogen recognition by the autophagic machinery: This strategy is especially impor‐
tant in intracytoplasmic pathogens such as Shigella flexneri, L. monocytogenes, and Burkhol‐
deria pseudomallei. Shigella VirG, a protein required for intracellular actin-based motility,
induced autophagy and favored the microorganism trap by autophagosomes, after binding
between VirG and Atg5. However, Shigella, encoding Type III secretion effector, IcsB,
competitively binds to Atg5, thereby camouflaging its own bacterial target molecule VirG
from autophagic capture [49]. Furthermore, BopA, the counterpart of IcsB in Burkholderia
pseudomallei, have similar autophagy-evading properties [50]. Listeria monocytogenes is a
classic example of a "cytosol-adapted pathogen"; it can rapidly escape from the phagosome
of macrophages and other non-phagocytic cells and replicate rapidly in the cytosol.
Phagosome escape also enables cell-to-cell spread by the bacteria through a bacterial driven
actin-based motility mechanism. Besides Act A, that as was shown plays a critical role in
autophagic escape by polymerizing actin which favors bacteria movements [51], another
virulence factor of L. monocytogenes, InlK, was recently shown to counteract the autophagic
process. InlK interacts with the Major Vault Protein (MVP), the main component of cyto‐
plasmic ribonucleoproteic particules named vaults. The recruitment of MVP to bacterial
surface disguises intracytosolic bacteria from the autophagic recognition system leading to
an increased survival rate [52].

3.3. Autophagy as a survival mechanism

A different type of host-microbial interaction belongs to the group of organisms that harness
cell autophagy. Independently of the final localization within the cell, these particular
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associated HIV, displayed a different type of inhibition. They encode homologs of the
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Bcl-2 and their viral homologs have the property to bind and inhibit Beclin1, suppressing
both apoptotic and autophagic responses [39]. It is not yet clear whether other intracellular
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contrast, many bacteria display the following actions.
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some maturation arrest, other pathogens have the ability to suppress autophagosome
maturation. They specifically reside in vacuoles with autophagosomal characteristics in
order to survive and replicate, but avoid transient or permanent fusion with lysosomes.
Porphyromonas gingivalis, a bacterial periodontal pathogen that can localize to atherosclerotic
plaques, traffics to autophagosomes as a way of evading the conventional endocytic
trafficking to lysosomes [40], After intracellular uptake, P. gingivalis transits from early
autophagosomes to late autophagosomes and prevents the formation of autolysosomes, a
mechanism not yet well elucidated [41]. On the other hand, a delay in the delivery of
lysosomal enzymes to phagosomes was initially described for dimorphic bacteria and
named “the pregnant pause”. The dimorphic life cycles of these pathogens have dramatic
consequences for phagosome traffic. In the transmissible state, C. burnetii, L. pneumophila
and others, such as Leishmania sp., block phagosome maturation; after a pregnant pause that
includes the bacterial differentiation process, replicative forms emerge and thrive in
lysosomes [42]. Autophagy is one of the mechanisms activated by these intracellular
pathogens for delaying lysosomal fusion. At late stages of cellular infection, both Coxiella
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burnetii and Legionella pneumophila develop vacuoles that have characteristics of phagoly‐
sosomes and are also decorated with LC3 [43,44]. In the case of C. burnetii, acquisition of
LC3 is even an early event in the transit of phagosomes containing bacterium (Cph) and
depends on bacterial protein synthesis because chloramphenicol avoid this LC3 recruitment
[45]. Interactions with autophagic and also late endocytic compartments are maintained
during the transit of Cph and in the development of the Coxiella replicative vacuoles (CRV)
[46]. Indeed, autophagy induction or the overexpression of autophagic proteins LC3 and
Rab 24 favor the generation and maturation of this CRV [47]. Taking together, these results
demonstrated that C. burnetii transits through the normal endo/phagocytic pathway but
actively interacts with autophagosomes at early times after infection. This intersection
delays fusion with the lysosomal compartment, possibly favoring the intracellular differ‐
entiation and survival of the bacteria. In this period, C. burnetii differentiates from the
transmissible forms (named small cell variant) to the replicative forms (large cell variant)
(Figure 2B). In the case of L. pneumophila, it was recently demonstrated that this bacterium
produced several Type IV effector proteins that control the timing of bacteria during
intracellular transport. The early secretion of DrrA/SidM, LidA, and RalF factors, prolong
association with the ER and permit the persistence of the bacteria in immature autophago‐
somal vacuoles for a period sufficient to differentiate into an acid-resistant, replicative form.
Subsequent secretion of LepB releases the block of autophagosome maturation, and the
adapted progeny continue to replicate within autophagolysosomes [48].

• Evasion of pathogen recognition by the autophagic machinery: This strategy is especially impor‐
tant in intracytoplasmic pathogens such as Shigella flexneri, L. monocytogenes, and Burkhol‐
deria pseudomallei. Shigella VirG, a protein required for intracellular actin-based motility,
induced autophagy and favored the microorganism trap by autophagosomes, after binding
between VirG and Atg5. However, Shigella, encoding Type III secretion effector, IcsB,
competitively binds to Atg5, thereby camouflaging its own bacterial target molecule VirG
from autophagic capture [49]. Furthermore, BopA, the counterpart of IcsB in Burkholderia
pseudomallei, have similar autophagy-evading properties [50]. Listeria monocytogenes is a
classic example of a "cytosol-adapted pathogen"; it can rapidly escape from the phagosome
of macrophages and other non-phagocytic cells and replicate rapidly in the cytosol.
Phagosome escape also enables cell-to-cell spread by the bacteria through a bacterial driven
actin-based motility mechanism. Besides Act A, that as was shown plays a critical role in
autophagic escape by polymerizing actin which favors bacteria movements [51], another
virulence factor of L. monocytogenes, InlK, was recently shown to counteract the autophagic
process. InlK interacts with the Major Vault Protein (MVP), the main component of cyto‐
plasmic ribonucleoproteic particules named vaults. The recruitment of MVP to bacterial
surface disguises intracytosolic bacteria from the autophagic recognition system leading to
an increased survival rate [52].

3.3. Autophagy as a survival mechanism

A different type of host-microbial interaction belongs to the group of organisms that harness
cell autophagy. Independently of the final localization within the cell, these particular
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organisms improve their intracellular cycle when interacting with autophagic compartments.
Postulated benefits of host autophagy for microbes include the promotion of viral replication
or morphogenesis via utilization of the autophagic machinery. Polyovirus localized in double-
membrane autophagosome-like structures positive for LC3 serve as lipid membrane-scaffolds
that enhance viral replication [53]. In a similar way, the rotavirus NSP4 protein colocalizes
with LC3-positive vesicular compartments and is postulated to play a role in the formation of
viroplasms and/or the packaging or transcription of the rotavirus genome [54].

Another mechanism is the utilization of autophagosomes as a protective intracellular niche to
enhance the survival and growth of bacteria. As described above, dimorphic bacteria such as
C. burnetii or L. pneumophila follow this method. In contrast, Francisella tularensis, enters LC3-
positive compartments to allow cytoplasmic bacteria to regain access to the endocytic com‐
partment to finally promote bacteria egress through exocytosis [55]. Autophagy could also
favor intracellular pathogen survival by providing nutrients to pathogens, particularly those
that reside in sequestered vacuoles that lack access to cytoplasmic nutrients. That is the case
of T. gondii, which establishes its vacuole in the vicinity of autophagic compartments and that
displays an impaired growth in Atg5-deficient MEF cells, leading to the conclusion that host
cell autophagy plays a role in promoting parasite growth through nutrient recovery [56].

A special type of pathogen-autophagy interaction is produced by the protozoan parasite
Trypanosoma cruzi. This pathogen exploits the autophagic pathway to efficiently colonize host
cells, as will be described in detail in the next section.

3.4. Autophagy as an invasion strategy: The Trypanosoma cruzi case

The protozoan parasite Trypanosoma cruzi can invade a wide range of phagocytic and non-
phagocytic cells in the infective, non-proliferative trypomastigote form. Inside the cell,
trypomastigotes are temporarily contained in a membrane vesicle, the parasitophorous
vacuole. Subsequently, the parasites escape to the cytosol, differentiate into the amastigote
form, and replicate by binary division [57,58]. This replication process culminates after 9 cycles,
followed by a new differentiation period where the parasites undergo a transition back into
trypomastigotes. After that the parasites are released from the cell and infect the neighboring
cells, maintaining the infection process.

The characteristics of the T. cruzi parasitophorous vacuole (TcPV) are directly related to the
parasite invasion mechanism. Previously published data showed that two main invasion
processes involving different signaling pathways are participating: the calcium dependent
fusion of lysosomes with the host plasma membrane [59,60], and the activation of class I
PI3K  that  produces  a  plasma  membrane-derived  vacuole  initially  devoid  of  lysosomal
markers  [61].  Although  both  pathways  require  the  disruption  of  the  host  cell  actin
cytoskeleton, the lysosomal independent T. cruzi entry model appears to be more signifi‐
cant  early  after  internalization  (50%  versus  20%  lysosome-dependent  entry  process).
However, lysosomal fusion is essential for the establishment of a productive infection [62]
and for the progression and completion of the T. cruzi intracellular cycle [63,64], since the
parasite  Tc-Tox is  activated in the acid environment provided by the lysosomes [57,65].
These strategies of cell invasion indicate that T. cruzi entry is a complex process that employs
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different  components  from the  plasma membrane and the  endocytic  pathway to  finally
produce  the  intracellular  infection.  More  recently,  studies  provided  by  our  laboratory
demonstrated  that  the  T.  cruzi  parasitophorous  vacuole  (TcPV)  is  decorated  with  LC3
protein  and  that  the  autophagic  inhibitors  wortmannin,  3-methyladenine  or  vinblastine
suppress this recruitment and also significantly reduce the intracellular infection. In contrast,
induction  of  autophagy  before  infection  by  starvation  or  other  means  significantly  in‐
creased  the  percentage  of  infected  cells.  Interestingly,  infection  was  diminished  in  the
absence of the specific autophagy genes Beclin1 or Atg5, which are required for initiation
of autophagy, indicating that autophagic-derived compartments are required for efficient
entry of T. cruzi  into the host cell  [66].  Live imaging using confocal microscopy showed
that GFP-LC3 positive vesicles move towards plasma membrane and contact the sites where
trypomastigotes, the T. cruzi  invasive forms, bind the membrane [66,67] (Figure 2C). The
pro-pathogen effects of autophagy on T. cruzi infection were observed in different classes
of cells and T. cruzi strains, demonstrating that this interaction is a wide-spread phenomen‐
on [68]. The autophagy modulation of host cells during the following stages of the T. cruzi
intracellular cycle -trypomastigote to amastigote differentiation, amastigote replication and
amastigote  differentiation  back  to  trypomastigote-  seems  to  suffer  no  mdification  com‐
pared to cells maintained in control conditions [66]. Since T. cruzi is an unicellular eukaryotic
organism that also has its  own autophagic pathway [69],  other experimental  procedures
will be necessary to decipher the possible dual action of autophagy modulation on T. cruzi
infected cells. Indeed, unpublished data from our laboratory show that classical inducers
and inhibitors of mammalian autophagy have similar effects on T. cruzi and that protozo‐
an autophagy is activated during T. cruzi metacyclogenesis, a process that renders metacy‐
clic trypomastigotes from epimastigotes and that takes place in the digestive apparatus of
the triatomine vectors.

3.5. Autophagy in action: in vivo infections studies

To date the outcome of the pathogen/autophagy relationship on in vivo infections models, with
the exception of a few cases, remains little understood. Actions of autophagy as an innate
immune component are easier to understand, particularly with the use of knockout mice. In
this way, studies on in vivo M. tuberculosis murine infections showed that the most susceptible
mice are those deficient in either IFN-γ or IFN-γ receptors [70]. These results clearly demon‐
strate that macrophage activation, and the macrophage autophagic pathway [30], are required
as a critical components for controlling infection.

The main concerns with the in vivo models arise from the cases of pathogens that in vitro studies
show to be favored by autophagy induction. At the moment, no current evidence demonstrates
that autophagy gene deletion in the host attenuates microbial disease. Therefore, the physio‐
logical significance of microbial utilization of autophagy for "promicrobial" effects remains to
be established [71]. The discrepant conclusions between in vitro and in vivo studies in T.
gondii infection models exemplify this concept. Although T. gondii has impaired growth in
Atg5-deficient cells, leading to the conclusion that host cell autophagy plays a role in promoting
parasite growth through nutrient recovery [56], this parasite has increased virulence in mice
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organisms improve their intracellular cycle when interacting with autophagic compartments.
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membrane autophagosome-like structures positive for LC3 serve as lipid membrane-scaffolds
that enhance viral replication [53]. In a similar way, the rotavirus NSP4 protein colocalizes
with LC3-positive vesicular compartments and is postulated to play a role in the formation of
viroplasms and/or the packaging or transcription of the rotavirus genome [54].

Another mechanism is the utilization of autophagosomes as a protective intracellular niche to
enhance the survival and growth of bacteria. As described above, dimorphic bacteria such as
C. burnetii or L. pneumophila follow this method. In contrast, Francisella tularensis, enters LC3-
positive compartments to allow cytoplasmic bacteria to regain access to the endocytic com‐
partment to finally promote bacteria egress through exocytosis [55]. Autophagy could also
favor intracellular pathogen survival by providing nutrients to pathogens, particularly those
that reside in sequestered vacuoles that lack access to cytoplasmic nutrients. That is the case
of T. gondii, which establishes its vacuole in the vicinity of autophagic compartments and that
displays an impaired growth in Atg5-deficient MEF cells, leading to the conclusion that host
cell autophagy plays a role in promoting parasite growth through nutrient recovery [56].

A special type of pathogen-autophagy interaction is produced by the protozoan parasite
Trypanosoma cruzi. This pathogen exploits the autophagic pathway to efficiently colonize host
cells, as will be described in detail in the next section.

3.4. Autophagy as an invasion strategy: The Trypanosoma cruzi case

The protozoan parasite Trypanosoma cruzi can invade a wide range of phagocytic and non-
phagocytic cells in the infective, non-proliferative trypomastigote form. Inside the cell,
trypomastigotes are temporarily contained in a membrane vesicle, the parasitophorous
vacuole. Subsequently, the parasites escape to the cytosol, differentiate into the amastigote
form, and replicate by binary division [57,58]. This replication process culminates after 9 cycles,
followed by a new differentiation period where the parasites undergo a transition back into
trypomastigotes. After that the parasites are released from the cell and infect the neighboring
cells, maintaining the infection process.

The characteristics of the T. cruzi parasitophorous vacuole (TcPV) are directly related to the
parasite invasion mechanism. Previously published data showed that two main invasion
processes involving different signaling pathways are participating: the calcium dependent
fusion of lysosomes with the host plasma membrane [59,60], and the activation of class I
PI3K  that  produces  a  plasma  membrane-derived  vacuole  initially  devoid  of  lysosomal
markers  [61].  Although  both  pathways  require  the  disruption  of  the  host  cell  actin
cytoskeleton, the lysosomal independent T. cruzi entry model appears to be more signifi‐
cant  early  after  internalization  (50%  versus  20%  lysosome-dependent  entry  process).
However, lysosomal fusion is essential for the establishment of a productive infection [62]
and for the progression and completion of the T. cruzi intracellular cycle [63,64], since the
parasite  Tc-Tox is  activated in the acid environment provided by the lysosomes [57,65].
These strategies of cell invasion indicate that T. cruzi entry is a complex process that employs
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demonstrated  that  the  T.  cruzi  parasitophorous  vacuole  (TcPV)  is  decorated  with  LC3
protein  and  that  the  autophagic  inhibitors  wortmannin,  3-methyladenine  or  vinblastine
suppress this recruitment and also significantly reduce the intracellular infection. In contrast,
induction  of  autophagy  before  infection  by  starvation  or  other  means  significantly  in‐
creased  the  percentage  of  infected  cells.  Interestingly,  infection  was  diminished  in  the
absence of the specific autophagy genes Beclin1 or Atg5, which are required for initiation
of autophagy, indicating that autophagic-derived compartments are required for efficient
entry of T. cruzi  into the host cell  [66].  Live imaging using confocal microscopy showed
that GFP-LC3 positive vesicles move towards plasma membrane and contact the sites where
trypomastigotes, the T. cruzi  invasive forms, bind the membrane [66,67] (Figure 2C). The
pro-pathogen effects of autophagy on T. cruzi infection were observed in different classes
of cells and T. cruzi strains, demonstrating that this interaction is a wide-spread phenomen‐
on [68]. The autophagy modulation of host cells during the following stages of the T. cruzi
intracellular cycle -trypomastigote to amastigote differentiation, amastigote replication and
amastigote  differentiation  back  to  trypomastigote-  seems  to  suffer  no  mdification  com‐
pared to cells maintained in control conditions [66]. Since T. cruzi is an unicellular eukaryotic
organism that also has its  own autophagic pathway [69],  other experimental  procedures
will be necessary to decipher the possible dual action of autophagy modulation on T. cruzi
infected cells. Indeed, unpublished data from our laboratory show that classical inducers
and inhibitors of mammalian autophagy have similar effects on T. cruzi and that protozo‐
an autophagy is activated during T. cruzi metacyclogenesis, a process that renders metacy‐
clic trypomastigotes from epimastigotes and that takes place in the digestive apparatus of
the triatomine vectors.

3.5. Autophagy in action: in vivo infections studies

To date the outcome of the pathogen/autophagy relationship on in vivo infections models, with
the exception of a few cases, remains little understood. Actions of autophagy as an innate
immune component are easier to understand, particularly with the use of knockout mice. In
this way, studies on in vivo M. tuberculosis murine infections showed that the most susceptible
mice are those deficient in either IFN-γ or IFN-γ receptors [70]. These results clearly demon‐
strate that macrophage activation, and the macrophage autophagic pathway [30], are required
as a critical components for controlling infection.

The main concerns with the in vivo models arise from the cases of pathogens that in vitro studies
show to be favored by autophagy induction. At the moment, no current evidence demonstrates
that autophagy gene deletion in the host attenuates microbial disease. Therefore, the physio‐
logical significance of microbial utilization of autophagy for "promicrobial" effects remains to
be established [71]. The discrepant conclusions between in vitro and in vivo studies in T.
gondii infection models exemplify this concept. Although T. gondii has impaired growth in
Atg5-deficient cells, leading to the conclusion that host cell autophagy plays a role in promoting
parasite growth through nutrient recovery [56], this parasite has increased virulence in mice
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with macrophage-specific deletion of Atg5 [72]. In agreement with these results, unpublished
data from our laboratory show that autophagy-impaired mice are more susceptible to T.
cruzi infection, while our previously results on cell cultures clearly demonstrate that decreased
autophagic levels in Atg5 KO cells or in Beclin 1 KD cells significantly decreased T. cruzi
infection [66].

One possible explanation for these discrepancies is the different effects of autophagy (or
autophagic proteins) on phagocytic and non-phagocytic cells. When T. gondii infected macro‐
phages were stimulated with CD40 receptor agonists, the parasite vacuole fuses with endo‐
somes and lysosomes in an autophagy-dependent process leading to parasite destruction
[35,36]. In contrast, in the non-phagocytic HeLa cells, Wang and colleagues reported the
beneficial effects of autophagic induction for parasite survival and growth [56]. Considering
this possibility, the comparative analysis of autophagic modulation on the course of a specific
pathogen infection in phagocytic and non-phagocytic cells in vitro prior to mice infection
would be productive in the future. However, this simplistic point of view will never replace
the conclusions obtained from mice experiments, especially when immune responses are
implicated.
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with macrophage-specific deletion of Atg5 [72]. In agreement with these results, unpublished
data from our laboratory show that autophagy-impaired mice are more susceptible to T.
cruzi infection, while our previously results on cell cultures clearly demonstrate that decreased
autophagic levels in Atg5 KO cells or in Beclin 1 KD cells significantly decreased T. cruzi
infection [66].

One possible explanation for these discrepancies is the different effects of autophagy (or
autophagic proteins) on phagocytic and non-phagocytic cells. When T. gondii infected macro‐
phages were stimulated with CD40 receptor agonists, the parasite vacuole fuses with endo‐
somes and lysosomes in an autophagy-dependent process leading to parasite destruction
[35,36]. In contrast, in the non-phagocytic HeLa cells, Wang and colleagues reported the
beneficial effects of autophagic induction for parasite survival and growth [56]. Considering
this possibility, the comparative analysis of autophagic modulation on the course of a specific
pathogen infection in phagocytic and non-phagocytic cells in vitro prior to mice infection
would be productive in the future. However, this simplistic point of view will never replace
the conclusions obtained from mice experiments, especially when immune responses are
implicated.
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1. Introduction

Protozoa  are  unicellular  eukaryotes  that  are  able  to  live  as  parasites  or  as  free-living
organisms and interact with a great variety of environments and organisms, from bacte‐
ria to man; in addition, they represent one of most important sources of parasitic diseas‐
es.  Every  year,  more  than  one  million  people  die  from  complications  from  protozoal
infections  worldwide  [1-5].  Of  the  medically  relevant  protozoa,  Trypanosomatidae  and
Apicomplexa  constitute  a  substantial  group  including  the  causative  agents  of  several
human  diseases  such  as  Chagas  disease,  sleeping  sickness,  leishmaniasis,  malaria  and
toxoplasmosis  [1,5,6].  The  life  cycles  of  these  parasites  are  highly  complex,  involving
different hosts and different specific interactions with a variety of cells and tissues [7- 11].
Some of these parasites live in the extracellular matrix or blood of host mammals, but the
majority of them infect host cells to complete their cycle.  Despite the high infection and
mortality  rates  of  these  protozoa,  especially  in  low-income  populations  of  developing
regions such as Africa, Asia and the Americas, current therapies for these parasitic diseases
are  very  limited  and  unsatisfactory.  The  development  of  efficient  drugs  is  urgently
necessary, as are serious public health initiatives to improve patients’ quality of life [12-16].
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The Trypanosomatidae family belongs to the order Kinetoplastida and is comprised of
flagellated protists characterised by the presence of the kinetoplast, a DNA-enriched portion
of the mitochondrion localised close to the flagellar pocket. The most studied pathogenic
trypanosomatids are the following: (a) Trypanosoma brucei, which is responsible for sleeping
sickness in Africa; (b) T. cruzi, which is the causative agent of Chagas disease in Latin America;
and (c) a variety of Leishmania species that cause leishmaniasis in tropical and subtropical areas
worldwide. These illnesses have been classified by the World Health Organization as neglected
diseases, which affect people living in poverty in developing countries and for which no
efficient therapy is available [17-19].

The Apicomplexa family encompasses a large group of protists, including approximately 5,000
known parasitic species, which are characterised by the presence of an apical complex
containing a set of organelles involved in the infection process. Apicomplexan parasites infect
invertebrate and vertebrate hosts, including humans and other mammals. The most serious
parasitic disorder is caused by apicomplexan Plasmodium species, the etiological agent of
malaria, which causes more than one million deaths annually [1]. Toxoplasmosis is another
important disease caused by the apicomplexan parasite Toxoplasma gondii; it has been estimated
that almost half of the human population worldwide is infected with this protozoa [20]. The
life cycle of the apicomplexan parasites generally consists of complex asexual and sexual
reproduction, but some differences are observable among distinct genera. Malaria transmis‐
sion occurs during the blood feeding of the Anopheles mosquito, whereas toxoplasmosis is
mainly transmitted by the ingestion of raw meat or contaminated cat feces.

Autophagy is a physiological self-degradative pathway essential for the maintenance of the
metabolic balance in eukaryotes, leading to the turnover of cellular structures during both the
normal cell cycle and during conditions of stress, such as starvation [21,22]. This process
depends on double-membrane vesicles known as autophagosomes, which are responsible for
the engulfment of macromolecules and organelles and the recycling of their components
without an inflammatory response [23]. In eukaryotic cells, proteins known as Atgs contribute
to the formation of autophagosomes and their targeting to lysosomes [24]. The autophagic
machinery interfaces with many cellular pathways, such as that of the immune response and
the inflammatory process, and acts as an inductor or suppressor of these processes [25]. Some
molecules and organelles can undergo autophagy by specific proteins, such as in the selective
pathway known as xenophagy, which is also observed in the degradation of intracellular
pathogens [26,27]. The involvement of autophagy in this process has been demonstrated in the
interactions of different pathogens with the host cells [28-30]. In protozoan infections, the role
of autophagy has been debated in light of conflicting evidence presented in the literature,
which tends to vary with the experimental model. Some studies suggest that parasites evade
host cell defences using autophagy, while others suggest that the host uses autophagy to
eliminate the pathogen [31-35]. However, there is no doubt that the autophagic machinery
decisively influences the pathogenesis and virulence of protozoan infections; this machinery
may therefore represent a promising target for drug discovery [36]. The autophagic process
also occurs in the protozoa [37,38] and could occur in parallel to the host cell pathway, thus
increasing the complexity of the phenomena. In the following sub-sections, the biology of
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Trypanosomatidae and Apicomplexa protozoa will be reviewed in relation to the role of
autophagy during the infection of the host cells.

2. Trypanosomatids and autophagy

As previously mentioned, the transmission of neglected diseases caused by trypanosomatids
(sleeping sickness, Chagas disease and leishmaniasis) depends on an insect vector, and the
environmental change from one host to another is a drastic event for the protozoa. To complete
its life cycle, many metabolic and morphological changes must occur for the parasite to survive
in a new host [39-42]. In addition to the kinetoplast, other characteristic ultrastructural
structures are present in these parasites, including a single mitochondrion, unique flagella,
sub-pellicular microtubules, glycosomes, acidocalcisomes and reservosomes (the last one is
present exclusively in T. cruzi) [8]. In the context of the remodelling of sub-cellular structures,
autophagy is greatly involved in eukaryotic homeostasis (including in that of trypanosoma‐
tids). However, the deregulation of this pathway, which is induced by conditions of stress,
also leads to the parasite’s death (Table 1). The sequencing of the complete genome of trypa‐
nosomatids has enabled the identification of parasitic genes [43-45]. Blast analysis comparing
the trypanosome genome with yeast and mammalian genomes, with a particular emphasis on
genes encoding autophagic machinery, has indicated the presence of some ATG genes in
trypanosomatids [46,47]. However, the partial lack of a ubiquitin-like system, which is crucial
for autophagosome formation, and the absence of cytoplasm-to-vacuole-targeting pathway
orthologs suggest that these parasites have alternative autophagic features.

3. T. brucei

T. brucei is the etiological agent of sleeping sickness (or African trypanosomiasis) and is
transmitted by the infected tsetse fly (Glossina sp.). After a blood feeding, procyclic trypomas‐
tigotes migrate from the insect midgut to the salivary gland where they undergo differentiation
to infective metacyclic forms. Subsequently, these metacyclic trypomastigotes are inoculated
into the mammalian host during the blood meal of the fly and differentiate into a proliferative
bloodstream slender form. Interestingly, after a new differentiation, adapted short-stumpy
forms evade the host immune system and disseminate the infection to the whole body; these
forms are also able to cross the blood-brain barrier, which causes severe behavioural abnor‐
malities, such as somnolence during daytime [48] (Figure 1). Unlike all other pathogenic
trypanosomatids, which have an intracellular life-stage, T. brucei remains in the bloodstream
of the mammalian host throughout the process of infection and, as such, is exposed to different
environmental conditions that can trigger autophagy.

3.1. Role of autophagy in T. brucei

The first report on this parasite and autophagy was published in the 1970s by Vickerman and
colleagues. These authors described the presence of myelin-like structures in different forms
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The Trypanosomatidae family belongs to the order Kinetoplastida and is comprised of
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to the formation of autophagosomes and their targeting to lysosomes [24]. The autophagic
machinery interfaces with many cellular pathways, such as that of the immune response and
the inflammatory process, and acts as an inductor or suppressor of these processes [25]. Some
molecules and organelles can undergo autophagy by specific proteins, such as in the selective
pathway known as xenophagy, which is also observed in the degradation of intracellular
pathogens [26,27]. The involvement of autophagy in this process has been demonstrated in the
interactions of different pathogens with the host cells [28-30]. In protozoan infections, the role
of autophagy has been debated in light of conflicting evidence presented in the literature,
which tends to vary with the experimental model. Some studies suggest that parasites evade
host cell defences using autophagy, while others suggest that the host uses autophagy to
eliminate the pathogen [31-35]. However, there is no doubt that the autophagic machinery
decisively influences the pathogenesis and virulence of protozoan infections; this machinery
may therefore represent a promising target for drug discovery [36]. The autophagic process
also occurs in the protozoa [37,38] and could occur in parallel to the host cell pathway, thus
increasing the complexity of the phenomena. In the following sub-sections, the biology of
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Trypanosomatidae and Apicomplexa protozoa will be reviewed in relation to the role of
autophagy during the infection of the host cells.

2. Trypanosomatids and autophagy

As previously mentioned, the transmission of neglected diseases caused by trypanosomatids
(sleeping sickness, Chagas disease and leishmaniasis) depends on an insect vector, and the
environmental change from one host to another is a drastic event for the protozoa. To complete
its life cycle, many metabolic and morphological changes must occur for the parasite to survive
in a new host [39-42]. In addition to the kinetoplast, other characteristic ultrastructural
structures are present in these parasites, including a single mitochondrion, unique flagella,
sub-pellicular microtubules, glycosomes, acidocalcisomes and reservosomes (the last one is
present exclusively in T. cruzi) [8]. In the context of the remodelling of sub-cellular structures,
autophagy is greatly involved in eukaryotic homeostasis (including in that of trypanosoma‐
tids). However, the deregulation of this pathway, which is induced by conditions of stress,
also leads to the parasite’s death (Table 1). The sequencing of the complete genome of trypa‐
nosomatids has enabled the identification of parasitic genes [43-45]. Blast analysis comparing
the trypanosome genome with yeast and mammalian genomes, with a particular emphasis on
genes encoding autophagic machinery, has indicated the presence of some ATG genes in
trypanosomatids [46,47]. However, the partial lack of a ubiquitin-like system, which is crucial
for autophagosome formation, and the absence of cytoplasm-to-vacuole-targeting pathway
orthologs suggest that these parasites have alternative autophagic features.

3. T. brucei

T. brucei is the etiological agent of sleeping sickness (or African trypanosomiasis) and is
transmitted by the infected tsetse fly (Glossina sp.). After a blood feeding, procyclic trypomas‐
tigotes migrate from the insect midgut to the salivary gland where they undergo differentiation
to infective metacyclic forms. Subsequently, these metacyclic trypomastigotes are inoculated
into the mammalian host during the blood meal of the fly and differentiate into a proliferative
bloodstream slender form. Interestingly, after a new differentiation, adapted short-stumpy
forms evade the host immune system and disseminate the infection to the whole body; these
forms are also able to cross the blood-brain barrier, which causes severe behavioural abnor‐
malities, such as somnolence during daytime [48] (Figure 1). Unlike all other pathogenic
trypanosomatids, which have an intracellular life-stage, T. brucei remains in the bloodstream
of the mammalian host throughout the process of infection and, as such, is exposed to different
environmental conditions that can trigger autophagy.

3.1. Role of autophagy in T. brucei

The first report on this parasite and autophagy was published in the 1970s by Vickerman and
colleagues. These authors described the presence of myelin-like structures in different forms

Autophagic Balance Between Mammals and Protozoa: A Molecular, Biochemical and Morphological Review...
http://dx.doi.org/10.5772/54970

291



of the parasite observed by transmission electron microscopy [49, 50]. Many years later, it was
suggested that the autophagic pathway is involved in the turnover of glycosomes during
protozoan differentiation [51]. Glycosomes are peroxysome-like organelles that perform early
glycolytic steps and are also involved in lipid metabolism. It was demonstrated that glycosome
contents are altered depending on the form of the parasite, with many of these organelles being
close to glysosomes during the differentiation process. A similar phenomenon was observed
after nutrient deprivation of the parasite, reinforcing the fact that differentiation may cause
the degradation of glycosomes by pexophagy.

Further genomic and bioinformatic analyses were performed that identified in T. brucei many
ATG orthologs to those of yeasts and mammals [47,52]. These genes are involved in different
steps of the autophagic pathway, such as induction (ATG24, PEX14, TOR1 and TOR2, VAC8),
vesicle nucleation (ATG6, VPS15 and VPS34) and vesicle expansion and completion (ATG3,
ATG7, ATG9, two isoforms of ATG4 and ATG8). Two isoforms of Atg4 and two of Atg8 were
recently characterised structurally [53], and it was postulated that Atg8.2 is essential for
autophagosome formation and that Atg8 depletion is associated with delayed cell death [54].

It is thought that many drugs may trigger autophagy in African trypanosomes. Dihydroxya‐
cetone (DHA), spermine (snake venom) and vasoactive intestinal peptide (VIP – a neuropep‐
tide secreted by the immune system) induce the appearance of morphological features of
autophagy in T. brucei [55-58]. DHA is an interesting compound to be used in therapy for
sleeping sickness because its phosphorylation is DHA kinase-dependent, and DHA kinase is
present in mammals and other eukaryotes but not in trypanosomes. After DHA uptake, this
compound is not eliminated, leading to typical morphological characteristics of autophagy
similar to those found in rapamycin treatment. In another report [59], the authors showed that
hydrogen peroxide can produce the appearance of autophagic profiles, suggesting that the
release of reactive oxygen species acts as a signal in the autophagic pathway in T. brucei, as it
does in other eukaryotic cells [60-62].

4. T. cruzi

T. cruzi is the causative agent of Chagas disease. It is mainly transmitted by triatomine bugs,
which are commonly known as “kissing bugs”. In the insect midgut, proliferative forms of the
parasite called epimastigotes differentiate to metacyclic trypomastigotes after migration to the
posterior intestine. During the blood meal, triatomines eliminate urine and feces with infective
trypomastigotes that then gain access to the vertebrate bloodstream. After internalisation in
the host cell, trypomastigotes remain in parasitophorous vacuoles (PV) that fuse with lyso‐
somes, allowing an acidification of this compartment, which is an essential step towards
differentiation into proliferative amastigotes. In the cytosol, successive parasite cycles occur
until a new intracellular differentiation to trypomastigotes occurs; it is these forms that are
responsible for the infection and dissemination to other cells and tissues [8] (Figure 2).
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Figure 2. T. cruzi life cycle.

4.1. Role of autophagy in T. cruzi

Ultrastructural evidence of autophagy in T. cruzi was observed after the treatment of epimas‐
tigotes and bloodstream trypomastigotes with drugs; the appearance of myelin-like figures
was the most recurrent feature detected [63-67]. Recently, the synergistic combination of
amiodarone and posoconazole was able to trigger autophagy in replicative amastigotes [68].

Figure 1. T. brucei life cycle.
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autophagy in T. brucei [55-58]. DHA is an interesting compound to be used in therapy for
sleeping sickness because its phosphorylation is DHA kinase-dependent, and DHA kinase is
present in mammals and other eukaryotes but not in trypanosomes. After DHA uptake, this
compound is not eliminated, leading to typical morphological characteristics of autophagy
similar to those found in rapamycin treatment. In another report [59], the authors showed that
hydrogen peroxide can produce the appearance of autophagic profiles, suggesting that the
release of reactive oxygen species acts as a signal in the autophagic pathway in T. brucei, as it
does in other eukaryotic cells [60-62].
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T. cruzi is the causative agent of Chagas disease. It is mainly transmitted by triatomine bugs,
which are commonly known as “kissing bugs”. In the insect midgut, proliferative forms of the
parasite called epimastigotes differentiate to metacyclic trypomastigotes after migration to the
posterior intestine. During the blood meal, triatomines eliminate urine and feces with infective
trypomastigotes that then gain access to the vertebrate bloodstream. After internalisation in
the host cell, trypomastigotes remain in parasitophorous vacuoles (PV) that fuse with lyso‐
somes, allowing an acidification of this compartment, which is an essential step towards
differentiation into proliferative amastigotes. In the cytosol, successive parasite cycles occur
until a new intracellular differentiation to trypomastigotes occurs; it is these forms that are
responsible for the infection and dissemination to other cells and tissues [8] (Figure 2).
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Ultrastructural evidence of autophagy in T. cruzi was observed after the treatment of epimas‐
tigotes and bloodstream trypomastigotes with drugs; the appearance of myelin-like figures
was the most recurrent feature detected [63-67]. Recently, the synergistic combination of
amiodarone and posoconazole was able to trigger autophagy in replicative amastigotes [68].
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In this way, different classes of therapeutic agents are able to induce the formation of auto‐
phagosomes, an event associated with parasite-related autophagic cell death, being the
interplay between other programmed cell death as apoptosis or necrosis not discarded [69].
Due to the limitations of cell models, previous studies of different parasite forms have
employed alternative techniques, such as monodansylcadaverine (MDC) staining and ATG
gene expression, to demonstrate autophagy in the parasite [66,67]. Unfortunately, T. cruzi
molecular machinery does not allow the use of double-stranded RNA to knock down target
RNAs [70]; in addition, the lack of recognition of protozoan proteins by anti-Atg commercial
antibodies hampers the evaluation of autophagy in this parasite. In spite of the advances in
molecular and cellular biology, transmission electron microscopy remains a gold standard for
autophagy analysis [71,72].

Aside from the description of autophagosomes in all T. cruzi life stages, description of the Atg
cascade involved in autophagosome formation is not complete. Almost all T. brucei ATG genes
have ortholog genes in T. cruzi [37,47]. In this parasite, two isoforms of Atg8 were described,
with only Atg8.1 localised in autophagosomes as expected. These data suggest that there is
only partially shared autophagic machinery, as is observed in human Atg8 orthologs [37]. In
another study [37], the authors described the participation of T. cruzi Atg4 and Atg8 isoforms
under conditions of nutritional stress and in the differentiation process from epimastigotes to
metacyclic trypomastigotes, a process known as metacyclogenesis. The authors observed a
remarkable expression of Atg8.1 by immunofluorescence microscopy, which was suggestive
of intense autophagy in differentiating epimastigotes. Moreover, Atg8 co-localised with
reservosomes, which are pre-lysosomal compartments related to energy supply that are
present only in epimastigotes [73,74]. The reservosomal content consumed during metacyclo‐
genesis and the presence of Atg8 in this organelle strongly suggest that there is crosstalk
between autophagy and reservosomes [75,76]. Transmission electron microscopy studies have
produced images from endoplasmic reticulum profiles surrounding reservosomes that
indicate the possible origin of preautophagosomal structures [66]. It is well known that PI3K
inhibitors, such as 3-methyladenine and wortmannin, prevent autophagy in different experi‐
mental models [54,66]; however, these data are controversial due to a previous report dem‐
onstrating that treatment with kinase inhibitors staurosporine, genistein, 3-methyladenine and
wortmannin led to the formation of autophagosomes [77]. The data indicate the necessity of
careful use of PI3K inhibitors to block autophagy and the urgent need for the development of
new specific autophagic inhibitors [78].

4.2. Host cell autophagy and T. cruzi infection

Though thought to be essential for parasite success, lysosomal fusion could be involved in
autophagy during host cell interaction and might contribute to the process of degradation and
elimination of T. cruzi. In 2009, the role of autophagy in parasite entry and co-localisation with
the PV was described, resulting in increased infection of Chinese hamster ovary cells; this
observation was subsequently confirmed in macrophage and heart cell lineages [34,79].
Starvation conditions and the addition of rapamycin led to an increase in the scale of the
infection; this increase was partially reversed by 3-methyladenine, wortmannin and vinblas‐
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tine, suggesting that autophagy favours the parasite during T. cruzi-host cell interactions.
However, other groups demonstrated that classical autophagic stimuli (nutritional stress and
rapamycin) did not produce an increase in parasite proliferation or even in the number of
infected cells [33]. Recently, studies have emphasised role of autophagy in the control of T.
cruzi infection using different cells and parasite strains (Figure 3) [80,81]. Once more, the
conflicting data presented in the literature need to be further debated in light of the complexity
of the protozoal strains and host cell models employed.

5. Leishmania species

The other medically important trypanosomatids are Leishmania species. Leishmaniasis is
transmitted to mammals by sandflies, mainly of the Phlebotomus and Lutzomia genuses.
Amastigotes differentiate into replicative procyclic promastigotes in the digestive tract of these
sandflies, proliferate in the Phlebotominae gut, and then migrate to the proboscis where a new
differentiation occurs to metacyclic promastigotes, the infective forms of the parasite. During
the sandflies’ blood meals, metacyclic promastigotes are inoculated into mammalian tissue
and are phagocytised by macrophages. Inside the host cells, promastigotes differentiate into
amastigotes that replicate and are responsible for cell lysis and dissemination in the organism
(Figure 4). Currently, more than 20 species of Leishmania are known, each causing different
clinical manifestations of the disease, including cutaneous leishmaniasis and visceral leish‐
maniasis (or Kala-azar). The pathogenicity depends on the Leishmania species and the host’s
immune response [8].

5.1. Role of autophagy in Leishmania sp.

Many groups have investigated autophagy cell death induced by drugs or antimicrobial
peptides in various Leishmania species using electron microscopy and MDC staining [82-89].
Bioinformatics analysis has been a crucial checkpoint in the characterisation of ATG and TOR
pathways in trypanosomatids [38,47,90]. In 2006, the role of autophagy in the differentiation
process of L. major and L. mexicana was first evaluated [38,90]. The authors developed L.
major VPS4, a mutant that could not complete the differentiation to the infective forms due to
interference in autophagosome formation during conditions of starvation. The increase in Atg8
expression in differentiating forms supports the hypothesis that autophagy plays a pivotal role
in metacyclogenesis [38,91]. In L. mexicana, the lack of cysteine peptidases CPA and CPB
impairs autophagosomes formation and parasite differentiation; this finding is corroborated
by the results of wortmaninn treatment and ATG deletion [90].

Recently, a subunit of protein kinase A in L. donovani that interferes with autophagy and
protozoa differentiation was identified [92]. As observed in other trypanosomatids, the
presence of Atg8-like proteins and their association with Atg4 in Leishmania species indicates
that these proteins play a role in vesicle expansion [93]. Interestingly, the Atg5-Atg12 complex
involved in autophagosome elongation was not previously detected [47], but recent studies
have demonstrated its existence. It has also been shown that Atg5 deletion severally affects
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In this way, different classes of therapeutic agents are able to induce the formation of auto‐
phagosomes, an event associated with parasite-related autophagic cell death, being the
interplay between other programmed cell death as apoptosis or necrosis not discarded [69].
Due to the limitations of cell models, previous studies of different parasite forms have
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gene expression, to demonstrate autophagy in the parasite [66,67]. Unfortunately, T. cruzi
molecular machinery does not allow the use of double-stranded RNA to knock down target
RNAs [70]; in addition, the lack of recognition of protozoan proteins by anti-Atg commercial
antibodies hampers the evaluation of autophagy in this parasite. In spite of the advances in
molecular and cellular biology, transmission electron microscopy remains a gold standard for
autophagy analysis [71,72].

Aside from the description of autophagosomes in all T. cruzi life stages, description of the Atg
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with only Atg8.1 localised in autophagosomes as expected. These data suggest that there is
only partially shared autophagic machinery, as is observed in human Atg8 orthologs [37]. In
another study [37], the authors described the participation of T. cruzi Atg4 and Atg8 isoforms
under conditions of nutritional stress and in the differentiation process from epimastigotes to
metacyclic trypomastigotes, a process known as metacyclogenesis. The authors observed a
remarkable expression of Atg8.1 by immunofluorescence microscopy, which was suggestive
of intense autophagy in differentiating epimastigotes. Moreover, Atg8 co-localised with
reservosomes, which are pre-lysosomal compartments related to energy supply that are
present only in epimastigotes [73,74]. The reservosomal content consumed during metacyclo‐
genesis and the presence of Atg8 in this organelle strongly suggest that there is crosstalk
between autophagy and reservosomes [75,76]. Transmission electron microscopy studies have
produced images from endoplasmic reticulum profiles surrounding reservosomes that
indicate the possible origin of preautophagosomal structures [66]. It is well known that PI3K
inhibitors, such as 3-methyladenine and wortmannin, prevent autophagy in different experi‐
mental models [54,66]; however, these data are controversial due to a previous report dem‐
onstrating that treatment with kinase inhibitors staurosporine, genistein, 3-methyladenine and
wortmannin led to the formation of autophagosomes [77]. The data indicate the necessity of
careful use of PI3K inhibitors to block autophagy and the urgent need for the development of
new specific autophagic inhibitors [78].

4.2. Host cell autophagy and T. cruzi infection

Though thought to be essential for parasite success, lysosomal fusion could be involved in
autophagy during host cell interaction and might contribute to the process of degradation and
elimination of T. cruzi. In 2009, the role of autophagy in parasite entry and co-localisation with
the PV was described, resulting in increased infection of Chinese hamster ovary cells; this
observation was subsequently confirmed in macrophage and heart cell lineages [34,79].
Starvation conditions and the addition of rapamycin led to an increase in the scale of the
infection; this increase was partially reversed by 3-methyladenine, wortmannin and vinblas‐
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tine, suggesting that autophagy favours the parasite during T. cruzi-host cell interactions.
However, other groups demonstrated that classical autophagic stimuli (nutritional stress and
rapamycin) did not produce an increase in parasite proliferation or even in the number of
infected cells [33]. Recently, studies have emphasised role of autophagy in the control of T.
cruzi infection using different cells and parasite strains (Figure 3) [80,81]. Once more, the
conflicting data presented in the literature need to be further debated in light of the complexity
of the protozoal strains and host cell models employed.

5. Leishmania species

The other medically important trypanosomatids are Leishmania species. Leishmaniasis is
transmitted to mammals by sandflies, mainly of the Phlebotomus and Lutzomia genuses.
Amastigotes differentiate into replicative procyclic promastigotes in the digestive tract of these
sandflies, proliferate in the Phlebotominae gut, and then migrate to the proboscis where a new
differentiation occurs to metacyclic promastigotes, the infective forms of the parasite. During
the sandflies’ blood meals, metacyclic promastigotes are inoculated into mammalian tissue
and are phagocytised by macrophages. Inside the host cells, promastigotes differentiate into
amastigotes that replicate and are responsible for cell lysis and dissemination in the organism
(Figure 4). Currently, more than 20 species of Leishmania are known, each causing different
clinical manifestations of the disease, including cutaneous leishmaniasis and visceral leish‐
maniasis (or Kala-azar). The pathogenicity depends on the Leishmania species and the host’s
immune response [8].

5.1. Role of autophagy in Leishmania sp.

Many groups have investigated autophagy cell death induced by drugs or antimicrobial
peptides in various Leishmania species using electron microscopy and MDC staining [82-89].
Bioinformatics analysis has been a crucial checkpoint in the characterisation of ATG and TOR
pathways in trypanosomatids [38,47,90]. In 2006, the role of autophagy in the differentiation
process of L. major and L. mexicana was first evaluated [38,90]. The authors developed L.
major VPS4, a mutant that could not complete the differentiation to the infective forms due to
interference in autophagosome formation during conditions of starvation. The increase in Atg8
expression in differentiating forms supports the hypothesis that autophagy plays a pivotal role
in metacyclogenesis [38,91]. In L. mexicana, the lack of cysteine peptidases CPA and CPB
impairs autophagosomes formation and parasite differentiation; this finding is corroborated
by the results of wortmaninn treatment and ATG deletion [90].

Recently, a subunit of protein kinase A in L. donovani that interferes with autophagy and
protozoa differentiation was identified [92]. As observed in other trypanosomatids, the
presence of Atg8-like proteins and their association with Atg4 in Leishmania species indicates
that these proteins play a role in vesicle expansion [93]. Interestingly, the Atg5-Atg12 complex
involved in autophagosome elongation was not previously detected [47], but recent studies
have demonstrated its existence. It has also been shown that Atg5 deletion severally affects
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parasite homeostasis, producing a phenotype characterised by mitochondrial disruption,
phospolipid accumulation and abnormal promastigote morphology [93,94]. Table 1 summa‐
rises the autophagic events in the three pathogenic trypanosomatids described in this chapter.

5.2. Host cell autophagy and L. amazonensis infection

The connection between the endosomal/lysosomal pathway and the PV results in macromo‐
lecules being taken up by the parasite, as demonstrated in T. cruzi infection [96]. In this context,
a notable increase in the proliferation of L. amazonensis amastigotes was observed after
autophagic induction by nutritional deprivation, rapamycin treatment or interferon-gamma.
This mechanism was partially reversed by the autophagic inhibitors wortmaninn or 3-
methyladenine, which significantly reduced amastigote replication (Figure 5) [33]. However,

Figure 3. Autophagy in T.cruzi–host cell interaction. Romano et al [34] showed the co-localization of parasite vacuole
with Atg proteins in the beginning of infection (1). Moreover, the replication of amastigotes is the same with or with‐
out autophagy induction (2) [33,34]. Rapamycin and starvation control infection reducing the number of amastigotes
per cell (3) [80,81].
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a recent report presented no correlation between the increase in LC3 expression and height‐
ened L. amazonensis infection after treatment with autophagy inducers and inhibitors. In
addition, macrophage autophagy was observed in inflammatory infiltrates of L. amazonensis-
infected mice [97] and in natural human L. donovani infection [98].

6. Apicomplexa and autophagy

The phylum Apicomplexa comprises one of the most medically relevant groups of protists,
which cause serious health and economic problems. Among these parasites, Toxoplasma gondii
and Plasmodium species are well-known apicomplexans; it is estimated that malaria caused by
P. falciparum kills over a million people annually. Another widespread disease is toxoplasmo‐
sis, which is caused by the apicomplexan parasite T. gondii; the severity of disease caused by
this organism is directly related to patients´ immunosuppression and is characterised by
congenital transmission. In this context, knowledge of the detailed mechanisms involved in
parasite infection and survival, including the role of autophagy, could contribute important
information to the development of novel strategies for controlling Apicomplexa infections.
Autophagy is an evolutionarily conserved pathway found in all eukaryotes, from unicellular
organisms to metazoans; orthologs for approximately 30% of autophagy-related genes have
been detected in apicomplexan sequenced genomes [99].

Among the key molecules involved in early autophagy steps, Atg1/ULK complex, Atg8 and
Atg9 play crucial roles in cargo selectivity and in autophagosome formation [100,101]. Unlike
other cell models, in Apicomplexa protozoa, the Atg8 C-terminal appears to not undergo
processing before its association with phosphatidylethanolamine (PE) in the membrane of
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parasite homeostasis, producing a phenotype characterised by mitochondrial disruption,
phospolipid accumulation and abnormal promastigote morphology [93,94]. Table 1 summa‐
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a notable increase in the proliferation of L. amazonensis amastigotes was observed after
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This mechanism was partially reversed by the autophagic inhibitors wortmaninn or 3-
methyladenine, which significantly reduced amastigote replication (Figure 5) [33]. However,
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autophagosomes, suggesting a different regulation of this Atg protein in these organisms than
in mammals and fungi [102]. Using a technique to detect lipidated Atg8 in Plasmodium species,
only a single band corresponding to ATG8 was observed, suggesting that this parasite’s Atg8
exists predominantly in the PE-conjugated form [22].

Two important kinases have opposing roles in the autophagic process: TOR (target of rapa‐
mycin) and class III phosphatidylinositol3-kinase (PI3K) [78,103]. In well-established auto‐
phagic models, TOR and class III PI3K represent negative and positive regulators, respectively,
that act through complexes with regulatory subunits orchestrated by signalling cascades.

Parasite Life-stage Phenotype Stimuli References

T. brucei

bloodstream

trypomastigotes
autophagic cell death

DHA, neuropeptides,

rapamycin, starvation
[55,58, 59]

procyclic

trypomastigotes

autophagic cell death spermine (snake venom) [57]

Autophagy-induced

differentiation
rapamycin, starvation [54,56]

unfolded protein response

in endoplasmic reticulum

associate with autophagy

DTT [95]

T. cruzi

epimastigotes,

trypomastigotes
autophagic cell death

SBIs; LPAs and cetoconazole;

naphthoquinones;

naphthoimidazoles; MBHA;

posoconazole and

amiodarone

[63-65,67,

68,71,72,]

metacyclic

trypomastigotes

Autophagy-induced

differentiation

starvation; differentiation

medium
[37]

L. amazonensis
promastigotes,

amastigotes
autophagic cell death

amiodarone; elatol; lipophilic

diamine
[83,86,89]

L. chagasi promastigotes autophagic cell death yangambin [87]

L. donovani promastigotes autophagic cell death
antimicrobial peptides;

cryptolepine
[82,88]

L. major

promastigotes,

amastigotes
autophagic cell death cathepsin inhibitors [85]

metacyclic

promastigotes

autophagy induces

differentiation

differentiation medium;

starvation
[38,91]

L. donovani
metacyclic

promastigotes

autophagy induces

differentiation

differentiation medium;

starvation
[90]

Table 1. Summary of autophagic events in trypanosomatids. DHA: Dihydroxyacetone; DTT: dithiothretiol; SBIs: sterol
biosynthesis inhibitors; LPAs: lysophospholipid analogues; MBHA: Morita–Baylis–Hillman adduct.
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Analysis of the T. gondii genome revealed the presence of TOR and PI3K but not of other
proteins crucial to the formation of these complexes [99]. Curiously, no genes for TOR complex
machinery were found in the Plasmodium genome. Thus, it is possible that these unicellular
eukaryotes have specific unknown proteins for several steps of the autophagic pathway
instead of an absence of key proteins [22,104].

7. T. gondii

T. gondii is an obligate intracellular parasite with a complex life cycle involving one definitive
feline host where the sexual phase occurs and intermediate hosts, such as birds, other mammals
and man [105]. The main transmission routes to humans are the following: (i) the ingestion of
raw meat containing tissue cysts (essentially bradyzoites forms); (ii) the ingestion of water and
food contaminated with feline feces residue containing oocysts; and (iii) transplacentary
pathway of tachyzoites [106]. After oral ingestion, tissue cysts or oocysts rupture, liberating
the slow-replicating forms known as bradyzoites and sporozoites, respectively, which then

Figure 5. Autophagy in L. amazonensis-host cell interaction. When autophagy is induced, more amastigotes replicate
and PV is smaller than in basal autophagic cells. Also, more lipid bodies are present, increasing infection and signaling
to replication [33,97].
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Analysis of the T. gondii genome revealed the presence of TOR and PI3K but not of other
proteins crucial to the formation of these complexes [99]. Curiously, no genes for TOR complex
machinery were found in the Plasmodium genome. Thus, it is possible that these unicellular
eukaryotes have specific unknown proteins for several steps of the autophagic pathway
instead of an absence of key proteins [22,104].

7. T. gondii

T. gondii is an obligate intracellular parasite with a complex life cycle involving one definitive
feline host where the sexual phase occurs and intermediate hosts, such as birds, other mammals
and man [105]. The main transmission routes to humans are the following: (i) the ingestion of
raw meat containing tissue cysts (essentially bradyzoites forms); (ii) the ingestion of water and
food contaminated with feline feces residue containing oocysts; and (iii) transplacentary
pathway of tachyzoites [106]. After oral ingestion, tissue cysts or oocysts rupture, liberating
the slow-replicating forms known as bradyzoites and sporozoites, respectively, which then
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and PV is smaller than in basal autophagic cells. Also, more lipid bodies are present, increasing infection and signaling
to replication [33,97].
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invade intestinal epithelial cells. In the intracellular environment, the parasites differentiate
into the fast-replicating tachyzoites that proliferate inside the host cell PV. The sustained
infection depends on the modification of the PV membrane by the insertion of T. gondii secreted
proteins, which prevent the fusion to lysosomes and, consequently, the elimination of the
parasite (Figure 6) [20,107].

In healthy adults, T. gondii cysts are established in the host cells mainly in the eyes, brain and
muscles during the chronic phase of toxoplasmosis [108]; however, in immunocompromised
patients, such as HIV-positive patients, or in congenital toxoplasmosis, the disease becomes
much more severe, and its complications could lead to death [20,109,110]. Despite the high
percentage of people infected, the available therapy for toxoplasmosis is effective only in the
tachyzoite stage and presents limited efficacy against the tissue cyst, which is the latent form
of the parasite [111]. In this context, many efforts are necessary to develop new drugs to treat
T. gondii infection [17].

7.1. Role of autophagy in T. gondii infection

Only a few studies on the T. gondii autophagic pathway have been performed, and these studies
suggest opposing roles of autophagy in the parasite infection [102,112]. The presence of TgAtg8
in autophagic vesicles was observed in tachyzoites during their intracellular replication;
similarly, severe parasite growth arrest due to TgAtg3 knockdown and recent identifications
of the presence of TgAtg1 and TgAtg4 in the parasite suggest a role for autophagy in T.
gondii homeostasis, although long-term exposure to autophagic stimuli was found to be
harmful to the parasite (Figure 7) [112; 113].

Tachyzoites  divide  by  a  process  called  endodyogeny,  whereby  two  daughter  cells  are
developed inside a mother cell and leave residual material at the end of division. During
this process, autophagy might be involved in recycling the mother cell organelles, such as
micronemes and rhoptries, which are synthesised de novo in the daughter cells; however
the  accumulation  of  organelles  after  endodyogeny  has  not  been  observed  in  TgATG3
knockout organisms, making other experiments necessary to confirm this hypothesis [113].
One  important  phenotype  detected  in  autophagic  mutants  is  the  loss  of  mitochondrial
integrity  [102,112].  Mitophagy,  which  is  the  autophagy  of  mitochondria,  regulates  the
mitochondrial number to match metabolic demand; this process represents a quality control
that is necessary for the removal of damaged organelles [114]. Autophagic stimuli are able
to direct the mitochondrial network of tachyzoites towards their autophagic pathway, but
the molecular machinery involved in selective targeting of the organelle remains unclear
[102,112]. Nutrient deprivation has been shown to be a classic stimulus for the autopha‐
gic  pathway activation in a  large variety of  organisms [37,115].  In  T.  gondii  tachyzoites,
starvation induces autophagy in extracellular and intracellular parasites [102,112]. Further‐
more,  autophagosomes  were  observed  in  parasites  after  a  long  extracellular  nutritional
restriction, suggesting that autophagy can act as a mechanism of resistance to starvation
for nutrient recycling until the infection of a new host cell [102].
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Figure 6. T. gondii life cycle. (1) Definitive host infection; (2) Cyst disruption and intestinal epithelial cell infection; (3)
Formation of merozoites; (4,5) Start of sexual phase with the formation of macrogametes and flagellate microga‐
metes from merozoites; (6) Fusion of microgamete and macrogamete; (7) Oocyst release to the environment in the
faeces; (8) The unsporulated oocysts become infective and contaminate the environment [116-118]; (9) The sporulat‐
ed oocysts can cause infection of animals via consumption of contaminated food and water. (10,11) Human infection
occurs by the ingestion of raw or undercooked meat of infected animals containing T. gondii cysts; (12) T. gondii ta‐
chyzoite multiplication in the intermediate host; (13) Tachyzoite-bradyzoite differentiation and formation of tissue
cysts; (14) Transplacentary transmission of tachyzoites.

The data presented here demonstrate possible functions of T. gondii autophagy in parasite
homeostasis. However, it has been proposed that, when strongly induced, the autophagic
pathway represents a self-destructive mechanism leading to protozoal death. The molecular
pathway of autophagic cell death is still unknown, and it is debated whether the pathway is
a type of programmed cell death or a survival response to death stimuli [119]. Intracellular
starved tachyzoites showed systematic mitochondrial fragmentation and a defect in host cell
internalisation. As T. gondii is an obligate intracellular protozoa, the loss of invasion capacity
leads to parasite death. The impairment in infective ability was related to the loss of mito‐
chondrial integrity because organelles from apical complexes, such as rhoptries and micro‐
nemes, which are usually associated with the invasion process, are intact in these parasites
[112]. Interestingly, these authors also demonstrated that autophagic inhibitor 3-methylade‐
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ed oocysts can cause infection of animals via consumption of contaminated food and water. (10,11) Human infection
occurs by the ingestion of raw or undercooked meat of infected animals containing T. gondii cysts; (12) T. gondii ta‐
chyzoite multiplication in the intermediate host; (13) Tachyzoite-bradyzoite differentiation and formation of tissue
cysts; (14) Transplacentary transmission of tachyzoites.

The data presented here demonstrate possible functions of T. gondii autophagy in parasite
homeostasis. However, it has been proposed that, when strongly induced, the autophagic
pathway represents a self-destructive mechanism leading to protozoal death. The molecular
pathway of autophagic cell death is still unknown, and it is debated whether the pathway is
a type of programmed cell death or a survival response to death stimuli [119]. Intracellular
starved tachyzoites showed systematic mitochondrial fragmentation and a defect in host cell
internalisation. As T. gondii is an obligate intracellular protozoa, the loss of invasion capacity
leads to parasite death. The impairment in infective ability was related to the loss of mito‐
chondrial integrity because organelles from apical complexes, such as rhoptries and micro‐
nemes, which are usually associated with the invasion process, are intact in these parasites
[112]. Interestingly, these authors also demonstrated that autophagic inhibitor 3-methylade‐
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nine prevented mitochondrial fragmentation, suggesting autophagic involvement in T.
gondii death.

While nutritional stress has been extensively used as a model for autophagy, this condition is
not easily encountered in the host cells and tissues in vivo. However, parasites could be exposed
to nutritional restriction in the extracellular environment. The viability of tachyzoites kept in
an axenic medium for periods of up to 12 hours drastically decreases, but a significant number
of parasites nevertheless differentiate into bradyzoites [120]. Indeed, these observations raise
the hypothesis that autophagy could be an adaptive mechanism of T. gondii to survive for short
periods in starvation conditions, allowing the parasite to recover when favourable conditions
occur or even to differentiate into a cystic form. Another interesting point for discussion is the
correlation between mitochondrial fragmentation in intracellular tachyzoites and the deple‐
tion of amino acids in the culture medium [112]. Activated macrophages infected with the
parasite showed low availability of the essential amino acid tryptophan, a condition that
directly contributes to the protozoa’s death in these cells [121,122]. In this context, TOR kinase
is a vital component of the amino acid sensing mechanism in eukaryotic cells, as suggested by

Figure 7. T. gondii tachyzoites response to autophagic stress. Autophagy acts in survival or death mechanisms in api‐
complexan parasites depending on the environmental stress conditions. Arrows: activation; Headless arrows: inhibi‐
tion.
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the detection of TgTOR by bioinformatic approaches and the evaluation of the activity of the
classical TOR inhibitor rapamycin. This inhibitor triggered mitochondrial fragmentation of
intracellular tachyzoites in starved parasites, and this phenotype was reversed by adding 3-
methyladenine [112].

7.2. Host cell autophagy and T. gondii infection

As previously mentioned, T. gondii can infect any nucleated cell, but the parasite tropism
principally involves nervous and muscular cells where the establishment of cystic forms is
observed in chronic toxoplasmosis [111,123]. As was observed for T. cruzi-host cell interactions,
controversial data on the importance of autophagy during T. gondii infection have been
described in the literature; indeed, it has been suggested that autophagy can either control or
facilitate parasite internalisation and proliferation [32,35,124-128]. Despite the relevance of
muscular and nervous cells for the establishment of infection and for the course of the disease,
very little has been reported on the role of autophagy in the progression of infection. As we
will discuss in the next paragraphs, previous studies on the connection between the autophagic
pathway and T. gondii infection were performed in macrophages, which are cells that play an
important role in the immune response against this parasite [129].

Previous reports have shown that cellular immunity mediated by CD40 stimulation redirects
the T. gondii to a lysosomal compartment via the autophagic route, resulting in the antimicro‐
bial activity of the macrophage in vitro and in vivo [124,125]. In vivo, parasite elimination was
dependent on GTPase p-47, IFN-γ, IGTP, and PI3K and culminated in the rupture of the
parasite’s membrane [125] (Figure 8). Additionally, the relationship between autophagy and
the fusion of lysosomes with the T. gondii PV seems to be dependent on the synergy between
TRAF6 signalling downstream of CD40 and TNF-α [126]. However, the IFN-γ/p47 GTPase-
dependent elimination of the parasite by macrophages is independent of CD40/TNF signalling
in vitro, demonstrating the primary role of IFN-γ in immunity against T. gondii in mice [127].
As observed in astrocytes, autophagy is activated to eliminate intracellular parasite debris and
thus prevent the host cell death. Investigations in macrophages also indicated that the CD40-
p21-Beclin 1 pathway is a CD40-dependent immunity route to mediating in vivo protection
[128]. Similarly, Atg5 is required for damage to the PV membrane and removal of the parasite
in primary macrophages stimulated by IFN-γ, despite the fact that no autophagosomes
involving T. gondii have been detected. Atg5 also appeared crucial for in vivo p47 GTPase IIGP1
recruitment to the vacuole membrane induced by IFN-γ, suggesting an additional autophagy-
independent role for Atg5 in the GTPase trafficking process [32]. In T. gondii infected astrocytes,
the participation of autophagy has been shown to be indirect. The IFN-γ-stimulation of
astrocytes infected with tachyzoites triggers the recruitment of p47 GTPases to the PV and
usually leads to rupture of the vacuole and parasite membrane. In this case, autophagy acts
by removing protozoal debris that accumulates in the cytoplasm and causes cell injury.
Additionally, autophagy assists in antigen presentation through MHC class II in astrocytes,
allowing an intracerebral immune response to parasite [130].

So far, little has been described regarding the involvement of autophagy in the interaction of
T. gondii with nonprofessional phagocytes. In primary fibroblasts or Hela cells, infection with
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the detection of TgTOR by bioinformatic approaches and the evaluation of the activity of the
classical TOR inhibitor rapamycin. This inhibitor triggered mitochondrial fragmentation of
intracellular tachyzoites in starved parasites, and this phenotype was reversed by adding 3-
methyladenine [112].

7.2. Host cell autophagy and T. gondii infection

As previously mentioned, T. gondii can infect any nucleated cell, but the parasite tropism
principally involves nervous and muscular cells where the establishment of cystic forms is
observed in chronic toxoplasmosis [111,123]. As was observed for T. cruzi-host cell interactions,
controversial data on the importance of autophagy during T. gondii infection have been
described in the literature; indeed, it has been suggested that autophagy can either control or
facilitate parasite internalisation and proliferation [32,35,124-128]. Despite the relevance of
muscular and nervous cells for the establishment of infection and for the course of the disease,
very little has been reported on the role of autophagy in the progression of infection. As we
will discuss in the next paragraphs, previous studies on the connection between the autophagic
pathway and T. gondii infection were performed in macrophages, which are cells that play an
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So far, little has been described regarding the involvement of autophagy in the interaction of
T. gondii with nonprofessional phagocytes. In primary fibroblasts or Hela cells, infection with
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tachyzoites induced LC3 conjugation to PE, accumulation of LC3-containing vesicles close to
the PV and an overexpression of beclin-1 and phosphatidylinositol-3-phosphate in the host
cells in the mTOR-independent pathway. The infection of Atg5-deficient fibroblasts was
reduced in physiological concentrations of amino acids, reinforcing the host cell autophagic
role in the recovery of nutrients by the parasite. Because the classical function of autophagy
involves recycling of various cellular components and because T. gondii depends on the uptake
of many nutrients from the host cell, it has been proposed that the parasite may take advantage
of the mammalian autophagic machinery to achieve successful infection [35]. Table 2 shows
the host autophagic roles during T. gondii infection.

Figure 8. Autophagic role in T. gondii interaction with professional phagocytic cells. (a) INF-Y recruits P47GTPases to
the PV membrane and induce nitric oxide production which limits the parasite replication. (b) CD40L activates Atg5
and recruits the autophagic machinery to the PV membrane. (c) PV and parasite membrane degradation by
P47GTPase and Atg5. (d) Elimination of T. gondii debris by autophagolysosomal fusion and possible contribution of
this process in antigen presentation through class II MHC.
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and RAW264.7 lineage
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rapamycin

accumulation of LC3 around PV and low parasite

load
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Peritoneal macrophages INF-γ stimulation
autophagy- dependent elimination of

intracellular parasite debris
[125]

Peritoneal macrophages INF-γ stimulation Atg5-dependent PV membrane disruption [32]

bone marrow

Macrophages

CD40-p21-Beclin 1

pathway

stimulation of autophagy for protection against

T. gondii
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T. gondii debris removal by autophagy after

vacuole and parasite membrane rupture by p47

GTPases
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primary fibroblasts and

Hela cells
T. gondii infection

Induction of LC3 conjugation to PE, accumulation

of vesicles containing LC3 close to PV, beclin-1

and PI3K inside the cell

[35]

Table 2. Autophagy in T. gondii-host cell interactions

8. Plasmodium sp.

Plasmodium species are causative agents of malaria, the illness with the highest morbidity rate
among human parasitic diseases. Currently, 5 species of Plasmodium sp. (P. falciparum, P.
vivax, P. malariae, P. ovale and P. knowlesi) can infect humans, and lethality is associated with
P. falciparum [131-133]. Sporozoites are transmitted by Anopheles sp. mosquitoes (definitive
hosts) to the mammals (intermediate hosts), where they migrate primarily to the liver. After
internalisation in hepatocytes, the parasites convert from elongated sporozoites (invasion
competent and motile) to round proliferative trophozoites (metabolically active), which start
the asexual reproduction process known as schizogony. At the end of the reproductive process,
the daughter cells (merozoites) initiate maturation for erythrocyte invasion. When the
merozoites become mature, they are enclosed in a membrane (the merosome) and released
from hepatocytes to invade red blood cells, causing clinical symptoms of malaria (Figure 9).
[135-137].

8.1. Role of autophagy in Plasmodium sp. infection

Recent publications have suggested that autophagy is involved in the differentiation of
sporozoites to merosomes in hepatocytes [137,138]. The sporozoite-to-trophozoite differentia‐
tion is accompanied by the elimination of organelles unnecessary for schizogony and the
production of merozoites in liver cells [137]. For example, micronemes and rhoptries are
compartmentalised in the cytoplasm of sporozoites and sequestered in double-membrane
structures resembling autophagosomes. In axenic conditions, the treatment of parasites with
3-methyladenine resulted in significant delay of the sporozoite differentiation process [139].
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After sporozoite differentiation, Atg8 is present in autophagosomes during the replication
phase, suggesting an additional independent role for this protein in autophagy [137, 138,140].

The involvement of autophagy in Plasmodium-infected red blood cells has been poorly studied.
One study demonstrated that erythrocytes infected with P. falciparum trophozoites and
maintained in supplemented culture medium expressed Atg8 in the parasite cytosol. However,
when these infected cells are submitted to restriction of glucose and amino acids, an increase
in the number of autophagosomes labelled by Atg8 was observed, and these vesicles were
found close to red blood cell membranes. Once erythrocytes no longer have organelles in the
cytoplasm, the potential targets of autophagosomes in this cell model are debated. One
hypothesis suggested that these autophagosomes target haemoglobin and blood nutrients to

Figure 9. Plasmodium sp. life cycle. (1) Inoculation of sporozoites by malaria-infected female Anopheles mosquito into
the human host. (2) Sporozoites infect hepatocytes. (3) Sporozoite-trophozoite differentiation. (4) Schizont formation.
(5) Schizont rupture and release of merozoites. (6) Merozoites infect red blood cells. (7,8) Trophozoite maturation. (9)
Schizont formation in red blood cells. (10) Schizont rupture and release of merozoites. (11) Infection of new red blood
cells by the merozoites. (12,13) Differentiation of some parasites in gametocytes (sexual erythrocytic stages). (14) In‐
gestion of gametocytes by the mosquito during a blood meal. (15) Zygote formation in the mosquito´s stomach when
the microgametes penetrate the macrogametes. (16) Zygote-ookinete differentiation. (17) Ookinetes invade the
midgut wall of the mosquito where they develop into oocysts. (18,19) Oocysts rupture and release sporozoites. (20)
Sporozoites migrate to the mosquito's salivary glands. (21) Mosquito inoculates sporozoites into a new human, per‐
petuating the parasite cycle.
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favour nutrient uptake by the parasite (Gaviria and colleagues, unpublished results). Surpris‐
ingly, no TOR ortholog was found in the P. falciparum genome (Sinai & Roepe, unpublished
results), suggesting that under normal growth conditions, P. falciparum autophagy is config‐
ured as a survival process that is constitutively regulated by the acquisition of nutrients,
although this route is unusual. Table 3 summarises the published reports on autophagic
features in apicomplexans.

Little is known about the involvement of autophagy in the Plasmodium sp.-host cell interactions.
So far, Plasmodium ATG8 knock-out resulted in a lethal phenotype, indicating that this gene is
essential for the mammalian life-stage of the parasite [22]. However, there have been no studies
on the importance of the host cell autophagic machinery during the infection.

Parasite Localisation Induction Phenotype Reference

T. gondii

extracellular Amino acid starvation Basal: maintenance of life [102]

intracellular

Amino acid starvation and

rapamycin

mitochondrial

fragmentation

[111]

Glucose and/or pyruvate

starvation

Arrested mitochondrial

fragmentation

Plasmodium sp. intracellular
sporozoite to trophozoite

conversion in the liver

recycling of secretory

organelles
[136]

Table 3. Autophagy in Apicomplexan parasites

9. Conclusion

The present chapter addresses the positive and negative regulations of the autophagic process
of infected mammalian cells and the possible effects of these regulations on the in vitro and in
vivo modulation of this process. This review also describes the autophagy pathway in patho‐
genic trypanosomatids and apicomplexans responsible for some of the most relevant neglected
illnesses worldwide. The pivotal role of autophagy in pathogenicity and virulence was
demonstrated in T. cruzi, T. brucei, Leishmania sp., T. gondii and Plasmodium sp., which
suggests that autophagic machinery is a possible target for anti-parasitic intervention.
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results), suggesting that under normal growth conditions, P. falciparum autophagy is config‐
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1. Introduction

Autophagy is an intracellular process whereby cells break down long-lived proteins and
organelles and is morphologically characterized by the formation of many large autophagic
vacuoles in cytoplasm [1]. This evolutionary process is conserved across all eukaryotic cells
and is fundamentally important in normal and pathological cell physiology and development
[2, 3]. Autophagy occurs constitutively at a basal level in quiescent cells but the process may
be up-regulated during periods of starvation [4] and in response to other stress stimuli [5].
Many recent studies also suggest the increasing association of autophagy in numerous
physiological and pathological conditions such as neurodegeneration, death of cancer cells,
tissue formation and host cells response to pathogens [5].

The process of autophagy begins with the formation of isolation membrane or phagophore
followed by sequestration of organelles or part of the cytoplasm to form autophagosome. The
double-membrane autophagosome subsequently fuses with lysosome to form autolysosome
where its content are degraded and released into the cytoplasm [6]. Several important
autophagy related genes (ATG) that are critical for autophagosome formation have been
identified recently. Microtubule-associated protein 1 light chain 3 (LC3) is the mammalian
orthologue of yeast Atg8 that is required for autophagosome formation [7]. During autophagy,
cytosolic form of LC3-I is processed into a lipidated LC3-II which is tightly associated with
autophagosome membranes [8]. In addition, Atg8 has also been identified for its involvement
in the expansion of isolation membrane [9]. The other protein complex that is essential for
elongation of the isolation membrane is Atg5-Atg12 complex [10].

Vegetative Bacillus anthracis generates two essential virulence factors: the anthrax toxin and
the poly-γ-D glutamic acid capsule [11]. The primary virulence factor is a secreted zinc-
dependent metalloprotease toxin known as lethal factor (LF), which is introduced into the
cytosol by protective antigen (PA) through its receptors on the cells [12]. LF exerts its toxic

© 2013 Wu et al.; licensee InTech. This is an open access article distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.

© 2013 Wu et al.; licensee InTech. This is a paper distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.

© 2013 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons 
Attribution License http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution, 
and reproduction in any medium, provided the original work is properly cited.



Chapter 15

Induction of Autophagy by Anthrax Lethal Toxin

Aiguo Wu, Yian Kim Tan and Hao A. Vu

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/55873

1. Introduction

Autophagy is an intracellular process whereby cells break down long-lived proteins and
organelles and is morphologically characterized by the formation of many large autophagic
vacuoles in cytoplasm [1]. This evolutionary process is conserved across all eukaryotic cells
and is fundamentally important in normal and pathological cell physiology and development
[2, 3]. Autophagy occurs constitutively at a basal level in quiescent cells but the process may
be up-regulated during periods of starvation [4] and in response to other stress stimuli [5].
Many recent studies also suggest the increasing association of autophagy in numerous
physiological and pathological conditions such as neurodegeneration, death of cancer cells,
tissue formation and host cells response to pathogens [5].

The process of autophagy begins with the formation of isolation membrane or phagophore
followed by sequestration of organelles or part of the cytoplasm to form autophagosome. The
double-membrane autophagosome subsequently fuses with lysosome to form autolysosome
where its content are degraded and released into the cytoplasm [6]. Several important
autophagy related genes (ATG) that are critical for autophagosome formation have been
identified recently. Microtubule-associated protein 1 light chain 3 (LC3) is the mammalian
orthologue of yeast Atg8 that is required for autophagosome formation [7]. During autophagy,
cytosolic form of LC3-I is processed into a lipidated LC3-II which is tightly associated with
autophagosome membranes [8]. In addition, Atg8 has also been identified for its involvement
in the expansion of isolation membrane [9]. The other protein complex that is essential for
elongation of the isolation membrane is Atg5-Atg12 complex [10].

Vegetative Bacillus anthracis generates two essential virulence factors: the anthrax toxin and
the poly-γ-D glutamic acid capsule [11]. The primary virulence factor is a secreted zinc-
dependent metalloprotease toxin known as lethal factor (LF), which is introduced into the
cytosol by protective antigen (PA) through its receptors on the cells [12]. LF exerts its toxic

© 2013 Wu et al.; licensee InTech. This is an open access article distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.

© 2013 Wu et al.; licensee InTech. This is a paper distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.

© 2013 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons 
Attribution License http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution, 
and reproduction in any medium, provided the original work is properly cited.



effect through the disruption of mitogen-activated protein kinase kinase (MAPKK) signalling
pathway, which is essential in mounting an efficient and prompt immune response against
the invading pathogen [13]. LF is also a potent inhibitor on many functions of immune cells
such as macrophages, dendritic cells, neutrophils, T cells and B cells [14].

2. Anthrax lethal toxin induces autophagy

Our study has provided evidence that autophagy was involved in anthrax pathogenesis. These
results are briefly described below.

2.1. Cells and induction of autophagy

RAW 264.7 murine macrophage cells were transfected with pEGFP-LC3. The transfected cells
were treated with anthrax LT. The existence of autophagy was identified by immunoblotting,
fluorescent punctuate counting, formation of acidic vacuoles, and viability of the LT treated cells.

2.2. Acridine orange staining showed increased Acidic Vacuoles (AVO)

Increased in AVO formation is a typical feature observed in cells undergoing autophagy [16].
Hence, we examined the effect of LT on AVO formation in RAW 264.7 cells by using lysoso‐
motropic agent acridine orange (AO). RAW 264.7 cells treated with LT displayed a dose-
dependent increase in AVO formation [17].

2.3. Increased GFP-LC3 punctuate when cells were treated with LT

Atg8 is an ubiquitin-like protein that undergoes conjugation process during autophagy and is
determined to be an essential component for autophagy [7]. LC3 is the human orthologue of
Atg8 and is also the most widely used protein marker for detecting autophagic organelles.
During autophagy, cytosolic LC3-I is linked to phosphatidylethanolamine (PE) to form LC3-
II and remain tightly bound to the autophagosomal membranes [8]. This process can be
indirectly monitored through the use of reporter protein GFP conjugated to LC3 [18]. In order
to determine if LT induces autophagy, we overexpressed GFP-LC3 in cells and observed for
fluorescent punctuate distribution of GFP-LC3, which represent autophagosome formation.

Transfection of cells with GFP-LC3 for fluorescence microscopy analysis is widely used to detect
autophagosome. Stable GFP-LC3 expressing RAW 264.7 cells were treated with anthrax LT for
2 hours and exhibited increased GFP-LC3 punctuates distribution whereas untreated cells
displayed a diffuse GFP-LC3 appearance (Figure 1) [17]. These punctuate fluorescent dots
indicate autophagosomes formation. Most of these fluorescent dots were probably autophago‐
somes as autolysosomes had weaker or no fluorescence signals due to the presence of lower LC3-
II proteins [8]. The reduced LC3-II level in autolysosome may be possibly due to degradation or
recycling back to cytosolic LC3-I [8]. The punctuate distribution of GFP-LC3 in LT treated cells
were similar to those treated with rapamycin which serve as positive control for autophagy
induction. Rapamycin binds to and inhibits mammalian target of rapamycin (mTOR), a negative
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regulator of autophagy [5]. Nutrients starvation is also able to trigger autophagy. According‐
ly, cells incubated in nutrient free salt solutions, EBSS, for 2 hours showed punctuate distribu‐
tion  of  GFP-LC3.  Autophagy  induced  by  nutrients  starvation  produced  more  intense
fluorescence punctuates compared to rapamycin or LT treated cells [17].

Figure 1. Lethal toxin induced punctuates EGFP-LC3 distribution in cells. Stably transfected RAW 264.7 cells ex‐
pressing EGFP-LC3 were treated for 2 hours with (A) PBS, (B) 500ng/ml PA + 50ng/ml LF, (C) EBSS, (D) 4µM rapamycin.
PBS, PA, LF and rapamycin were added directly into medium and EBSS treated cells were washed 3 times with PBS
before incubation in EBSS. Images (40x) were taken from specimens under fluorescence microscope and are represen‐
tative of 3 experiments.

2.4. Conversion of LC3-I to LC3-II

During autophagy, processing of cytosolic LC3-I to LC3-II permits autophagosomal mem‐
brane recruitment through an autophagic specific conjugation. As the amount of LC-II
correlates with the extent of autophagosome formation [8], immunoblotting of LC3-II can be
used to determine autophagy induction. To further corroborate that the GFP-LC3 punctuate
observed was indeed autophagy induction by LT, we therefore examined the endogenous LC3-
II levels in LT-treated cells.
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RAW 264.7 cells were pre-treated with E64d and pepstatin A for 1 hour to inhibit lysosomal
proteases followed by incubation with LT for 1 and 3 hours. At both time points, increase of
LC3-II level from LT treated cells were detected, although the ratio differs from 1 to 3 hours
after incubation (Figure 2A) [17]. It is not unusual to observe fluctuation of LC3-II level across
various time point during autophagy induction [20].

We further determined if LT components could also induce autophagy individually. Treat‐
ment of cells with PA alone showed moderate increase of LC3-II while LF alone produced
similar ratio of LC3-II / actin as control cells (Figure 2B) [17]. RAW 264.7 cells treated with LT
for 1 hour showed elevated amount of endogenous LC3-II (Figure 2B). These observations are
generally consistent with the fluorescent punctuate count in GFP-LC3 transfected RAW 264.7
cells. It may appear obvious that LF did not induce autophagy simply because it is not able to
cross cell membrane in the absence of PA although it was reported that a small fragment of LF
can enter into the cell cytoplasm without the assistance from PA [21]. Apparently, this
mechanism of PA-independent insertion of LF into cytosol did not have an observable effect
on autophagy induction at the concentration tested.

Figure 2. Immunoblot analysis of endogenous LC3-II conversion in RAW 264.7 cells. (A) Cells were pre-treated
with 10µg/ml E64d and 10µg/ml Pepstatin A for 1 hour followed by incubation with LT (PA 500µg/ml + LF 100µg/ml)
for 1 and 3 hours. Cells treated with 4µM rapamycin were used as positive control for autophagy induction. (B) Cells
were pre-treated with E64d 10µg/ml and Pepstatin A 10µg/ml for 1 hour followed by incubation with 500ng/ml PA,
50ng/ml LF and LT (PA 500ng/ml + LF 50µg/ml) for another 1 hour. Total proteins were analysed by using anti-LC3
and anti-actin antibodies. Ratio of LC3 II/actin is shown under the blot.
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2.5. Autophagy inhibitor may increase cell death

Inhibition of autophagy process can be used to investigate the role of autophagy in cellular
response to toxins, bacteria or viruses. Depending on the interaction between autophagy
mechanism and stimulus, the induction of autophagy may sometimes be beneficial or
detrimental to the cells. Autophagy protects cells against Vibrio cholera cytolysin intoxication
[15] but has an opposite effect when autophagy is activated in response to diphtheria toxin
treatment [22]. Hence, we attempt to study the effect of autophagy on LT intoxication.

RAW 264.7 cells were treated with 10mM 3MA for 1 hour to inhibit autophagy followed by 2
and 3 hours of incubation with LT. Cells viability as determined by MTS assay showed no
differences in 3MA treated and untreated cells (data not shown). This could be attributed to
rapid lysis of RAW 264.7 cells when subject to LT treatment. Thus, we decided to use another
cell line that is also susceptible to LT induced cell death but at a slower lysis rate than RAW
264.7. LT does not appear to cause instant lysis on human promyelocytic leukemia cell line
HL-60 but is cytotoxic when HL-60 cells are differentiated into macrophage-like cells with
PMA [23]. Differentiated HL-60 cells were pre-treated with 3MA for 1 hour followed by
introduction of LT. Cells pre-treated with 3MA showed accelerated cell death compared to
control cells at all the time points tested [17]. This suggests that autophagy may function as a
defense mechanism against LT intoxication. While 3MA is often used as a specific inhibitor of
autophagy [15], it also has effects on various aspects of metabolism that is unrelated to
autophagy [24]. More studies need to be conducted to further understand the role of autophagy
in LT intoxication.

3. Discussion

LT is recognized as a critical virulence factor in B. anthracis pathogenesis. Having been
extensively researched for numerous years, LT pleiotropic actions on many cellular mecha‐
nisms have been described. Autophagy is activated during periods of physiological stress such
as starvation as a means to sustain cell viability in a nutrient limiting environment [4]. In
addition, autophagy is also implicated as a protective cellular response for the elimination of
infectious agents [25]. However, certain pathogens are able to manipulate autophagy by
altering certain processes for its survival and proliferation [25]. Recently, autophagy has
become a rapidly growing biomedical marker as more studies unravel the role of autophagy
in many physiological and pathological processes [6].

During autophagy, isolation membranes or phagophores elongate to sequester cytoplasmic
components and become enclosed to form a double membrane autophagosome. Herein, we
reported LT induced autophagosome formation in cells as demonstrated by the punctuate GFP-
LC3 distribution in the cytoplasm and the corresponding increase in the punctuate counts.
Another frequently used method as an indicator of autophagy is the monitoring of LC3-II
conversion. LC3-II protein associates tightly to autophagosome and was determined to be
correlated with autophagosome in cells [8]. Indeed, LT-treated cells displayed enhanced LC3-
II conversion, which is a typical representative of autophagosome formation. As expected, PA
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was determined to be a critical component for autophagy induction. By itself, PA caused a
moderate increase in LC3-II levels compared with non-treated controls. This could be attribut‐
ed to a self-protection response of the host cells upon PA exposure. However, cells treated with
LT (PA + LF) caused a dramatic increase in LC3-II levels [17]. This could be mainly the result of
cellular stress and defence mechanism against the rapid toxic effects of LT. LT activity is believed
to persist longer in the cells than PA alone, as indicated by its continuous enzymatic cleavage of
substrate in the cells for 4-5 days [12, 26]. The prolonged presence of active LF in the cyto‐
plasm may possibly play a contributing role in the dramatic increase of autophagy.

Autophagy may function as a defensive mechanism against toxins or invading pathogens but
may also be exploited by microbes for survival/replication or even leading to death of host
cells. In our study, autophagy was determined to be beneficial to differentiated human
promyelocytic leukemia HL-60 cells exposed to LT as cells blocked from autophagy expressed
accelerated cell death [17]. Probably similar to the cellular response to V. cholerae cytolysin
intoxication [15], autophagy was presumably activated to enhance LT clearance from cyto‐
plasm by diverting them to autophagosome and eventually eliminated by lysosomal degra‐
dation. As this study involved the use of cell lines, it is integral that the defensive role of
autophagy be further determined on human primary macrophages or other immune cells.
Other more specific autophagy gene knockdown/knockout studies can be carried out to
confirm the results obtained from the commonly used autophagy inhibitor 3MA.

Meanwhile, circumstantial evidence from other non-autophagy related LT studies also
suggests a possible link between lethal toxin and autophagy [27, 28]. As described earlier,
autophagy proceeds from nascent vacuoles to become degradative autophagosomes by
acquiring lysosomal proteins, including lysosome associated membrane protein (LAMP)-1
[29]. The maturation culminates with the subsequent fusion of the autophagome with lyso‐
some to form autolysosome where it then degrades and releases its contents into the cytoplasm.
LAMP-1 protein is also a major component of lysosome [30]. Kuhn et al analysed the proteomic
profile of macrophages treated with LT and reported that LAMP1 protein was one of the highly
upregulated protein [27], conceivably to increase lysosome capacity for fusing with autopha‐
gosomes and binding to late autophagosomes. In another separate study, several compounds
were tested for its ability to modulate LT-induced cell death in macrophages [28]. Interestingly,
the presence of rapamycin, an autophagy inducer, protected macrophages from LT-induced
cell death. In contrast, macrophages co-treated with autophagy inhibitors, wortmannin or
LY294002, exhibited accelerated cell death upon treatment with LT. Although autophagy was
not part of their experimental design [28], it is worthy to note that the only compound tested
in that study that protected macrophage from LT death in that experiment is a well known
autophagy inducer, rapamycin. The results from these studies are in agreement with our
current findings that LT activate autophagy and it may function as a cellular defense mecha‐
nism against LT intoxication.

Taken together, this study provides new insights into a hitherto undescribed effect of LT on cells;
the induction of autophagic response in cells by PA and LT and the plausible role of autopha‐
gy in B. anthracis infection. Looking beyond, modulation of autophagy may potentially counter
the detrimental effects of LT exposure in cells and remains a subject for further investigation.
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cells. In our study, autophagy was determined to be beneficial to differentiated human
promyelocytic leukemia HL-60 cells exposed to LT as cells blocked from autophagy expressed
accelerated cell death [17]. Probably similar to the cellular response to V. cholerae cytolysin
intoxication [15], autophagy was presumably activated to enhance LT clearance from cyto‐
plasm by diverting them to autophagosome and eventually eliminated by lysosomal degra‐
dation. As this study involved the use of cell lines, it is integral that the defensive role of
autophagy be further determined on human primary macrophages or other immune cells.
Other more specific autophagy gene knockdown/knockout studies can be carried out to
confirm the results obtained from the commonly used autophagy inhibitor 3MA.

Meanwhile, circumstantial evidence from other non-autophagy related LT studies also
suggests a possible link between lethal toxin and autophagy [27, 28]. As described earlier,
autophagy proceeds from nascent vacuoles to become degradative autophagosomes by
acquiring lysosomal proteins, including lysosome associated membrane protein (LAMP)-1
[29]. The maturation culminates with the subsequent fusion of the autophagome with lyso‐
some to form autolysosome where it then degrades and releases its contents into the cytoplasm.
LAMP-1 protein is also a major component of lysosome [30]. Kuhn et al analysed the proteomic
profile of macrophages treated with LT and reported that LAMP1 protein was one of the highly
upregulated protein [27], conceivably to increase lysosome capacity for fusing with autopha‐
gosomes and binding to late autophagosomes. In another separate study, several compounds
were tested for its ability to modulate LT-induced cell death in macrophages [28]. Interestingly,
the presence of rapamycin, an autophagy inducer, protected macrophages from LT-induced
cell death. In contrast, macrophages co-treated with autophagy inhibitors, wortmannin or
LY294002, exhibited accelerated cell death upon treatment with LT. Although autophagy was
not part of their experimental design [28], it is worthy to note that the only compound tested
in that study that protected macrophage from LT death in that experiment is a well known
autophagy inducer, rapamycin. The results from these studies are in agreement with our
current findings that LT activate autophagy and it may function as a cellular defense mecha‐
nism against LT intoxication.

Taken together, this study provides new insights into a hitherto undescribed effect of LT on cells;
the induction of autophagic response in cells by PA and LT and the plausible role of autopha‐
gy in B. anthracis infection. Looking beyond, modulation of autophagy may potentially counter
the detrimental effects of LT exposure in cells and remains a subject for further investigation.

Autophagy - A Double-Edged Sword - Cell Survival or Death?326

Author details

Aiguo Wu1, Yian Kim Tan2 and Hao A. Vu3

1 Department of Molecular Microbiology, George Mason University, Manassas VA, USA

2 DSO National Laboratories, Singapore, Singapore

3 Biosecurity Research Institute, Kansas State University, Manhattan, USA

References

[1] R.A. Lockshin, Z. Zakeri, Apoptosis, autophagy, and more, Int. J. Biochem. Cell Biol.
2004;36(12) 2405-2419.

[2] B. Djehiche, J. Segalen, Y. Chambon, Inhibition of autophagy of fetal rabbit gono‐
ducts by puromycin, tunicamycin and chloroquin in organ culture, Tissue Cell
1996;28(1) 115-121.

[3] S. Tsukamoto, A. Kuma, M. Murakami, C. Kishi, A. Yamamoto, N. Mizushima, Au‐
tophagy is essential for preimplantation development of mouse embryos, Science
2008;321(5885) 117-120.

[4] W. Martinet, G.R. De Meyer, L. Andries, A.G. Herman, M.M. Kockx, In situ detection
of starvation-induced autophagy, J. Histochem. Cytochem. 2006;54(1) 85-96.

[5] V. Deretic, Autophagy: an emerging immunological paradigm, J Immunol. 2012
189(1):15-20

[6] D.J. Klionsky, Autophagy: from phenomenology to molecular understanding in less
than a decade, Nat Rev Mol Cell Biol 2007;8(11) 931-937.

[7] D.J. Klionsky, A.M. Cuervo, P.O. Seglen, Methods for monitoring autophagy from
yeast to human, Autophagy 2007;3(3) 181-206.

[8] Y. Kabeya, N. Mizushima, T. Ueno, A. Yamamoto, T. Kirisako, T. Noda, E. Komina‐
mi, Y. Ohsumi, T. Yoshimori, LC3, a mammalian homologue of yeast Apg8p, is local‐
ized in autophagosome membranes after processing, EMBO J. 2000;19(21) 5720-5728.

[9] Z. Xie, U. Nair, D.J. Klionsky, Atg8 controls phagophore expansion during autopha‐
gosome formation, Mol. Biol. Cell 2008;19(8) 3290-3298.

[10] N. Mizushima, H. Sugita, T. Yoshimori, Y. Ohsumi, A new protein conjugation sys‐
tem in human. The counterpart of the yeast Apg12p conjugation system essential for
autophagy, J. Biol. Chem. 1998;273(51) 33889-33892.

[11] M. Mock, A. Fouet, Anthrax, Annu. Rev. Microbiol. 2001;55 647-671.

Induction of Autophagy by Anthrax Lethal Toxin
http://dx.doi.org/10.5772/55873

327



[12] L. Abrami, S. Liu, P. Cosson, S.H. Leppla, F.G. van der Goot, Anthrax toxin triggers
endocytosis of its receptor via a lipid raft-mediated clathrin-dependent process, J.
Cell Biol. 2003;160(3) 321-328.

[13] J.F. Bodart, A. Chopra, X. Liang, N. Duesbery, Anthrax, MEK and cancer, Cell Cycle
2002;1(1) 10-15.

[14] D.J. Banks, S.C. Ward, K.A. Bradley, New insights into the functions of anthrax toxin,
Expert Rev Mol Med 2006;8(7) 1-18.

[15] M.G. Gutierrez, H.A. Saka, I. Chinen, F.C. Zoppino, T. Yoshimori, J.L. Bocco, M.I. Co‐
lombo, Protective role of autophagy against Vibrio cholerae cytolysin, a pore-form‐
ing toxin from V. cholerae, Proc. Natl. Acad. Sci. U. S. A. 2007;104(6) 1829-1834.

[16] Y. Xu, S.O. Kim, Y. Li, J. Han, Autophagy contributes to caspase-independent macro‐
phage cell death, J. Biol. Chem. 2006;281(28) 19179-19187.

[17] Y.K. Tan, C.M. Kusuma, L.J. St John , H.A. Vu HA, K. Alibek , A. Wu, Induction of
autophagy by anthrax lethal toxin. Biochem Biophys Res Commun. 2009;379(2):293-7.

[18] N. Mizushima, Methods for monitoring autophagy, Int. J. Biochem. Cell Biol.
2004;36(12) 2491-2502.

[19] K.E. Beauregard, R.J. Collier, J.A. Swanson, Proteolytic activation of receptor-bound
anthrax protective antigen on macrophages promotes its internalization, Cell Micro‐
biol 2000; 2(3) 251-258.

[20] M.A. Delgado, R.A. Elmaoued, A.S. Davis, G. Kyei, V. Deretic, Toll-like receptors
control autophagy, EMBO J. 2008;27(7) 1110-1121.

[21] N. Kushner, D. Zhang, N. Touzjian, M. Essex, J. Lieberman, Y. Lu, A fragment of an‐
thrax lethal factor delivers proteins to the cytosol without requiring protective anti‐
gen, Proc. Natl. Acad. Sci. U. S. A. 2003;100(11) 6652-6657.

[22] K. Sandvig, B. van Deurs, Toxin-induced cell lysis: protection by 3-methyladenine
and cycloheximide, Exp. Cell Res. 1992;200(2) 253-262.

[23] A. Kassam, S.D. Der, J. Mogridge, Differentiation of human monocytic cell lines con‐
fers susceptibility to Bacillus anthracis lethal toxin, Cell Microbiol 2005;7(2) 281-292.

[24] L.H. Caro, P.J. Plomp, E.J. Wolvetang, C. Kerkhof, A.J. Meijer, 3-Methyladenine, an
inhibitor of autophagy, has multiple effects on metabolism, Eur. J. Biochem.
1988;175(2) 325-329.

[25] D. Schmid, C. Munz, Innate and adaptive immunity through autophagy, Immunity
2007;27(1) 11-21.

[26] S.D. Ha, D. Ng, J. Lamothe, M.A. Valvano, J. Han, S.O. Kim, Mitochondrial proteins
Bnip3 and Bnip3L are involved in anthrax lethal toxin-induced macrophage cell
death, J. Biol. Chem. 2007;282(36) 26275-26283.

Autophagy - A Double-Edged Sword - Cell Survival or Death?328

[27] J.F. Kuhn, P. Hoerth, S.T. Hoehn, T. Preckel, K.B. Tomer, Proteomics study of anthrax
lethal toxin-treated murine macrophages, Electrophoresis 2006;27(8) 1584-1597.

[28] M. Tsuneoka, T. Umata, H. Kimura, Y. Koda, M. Nakajima, K. Kosai, T. Takahashi, Y.
Takahashi, A. Yamamoto, c-myc induces autophagy in rat 3Y1 fibroblast cells, Cell
Struct. Funct. 2003;28(3) 195-204.

[29] W.A. Dunn, Jr., Studies on the mechanisms of autophagy: maturation of the autopha‐
gic vacuole, J. Cell Biol. 1990;110(6) 1935-1945.

[30] E.L. Eskelinen, Roles of LAMP-1 and LAMP-2 in lysosome biogenesis and autopha‐
gy, Mol. Aspects Med. 2006;27(5-6) 495-502.

Induction of Autophagy by Anthrax Lethal Toxin
http://dx.doi.org/10.5772/55873

329



[12] L. Abrami, S. Liu, P. Cosson, S.H. Leppla, F.G. van der Goot, Anthrax toxin triggers
endocytosis of its receptor via a lipid raft-mediated clathrin-dependent process, J.
Cell Biol. 2003;160(3) 321-328.

[13] J.F. Bodart, A. Chopra, X. Liang, N. Duesbery, Anthrax, MEK and cancer, Cell Cycle
2002;1(1) 10-15.

[14] D.J. Banks, S.C. Ward, K.A. Bradley, New insights into the functions of anthrax toxin,
Expert Rev Mol Med 2006;8(7) 1-18.

[15] M.G. Gutierrez, H.A. Saka, I. Chinen, F.C. Zoppino, T. Yoshimori, J.L. Bocco, M.I. Co‐
lombo, Protective role of autophagy against Vibrio cholerae cytolysin, a pore-form‐
ing toxin from V. cholerae, Proc. Natl. Acad. Sci. U. S. A. 2007;104(6) 1829-1834.

[16] Y. Xu, S.O. Kim, Y. Li, J. Han, Autophagy contributes to caspase-independent macro‐
phage cell death, J. Biol. Chem. 2006;281(28) 19179-19187.

[17] Y.K. Tan, C.M. Kusuma, L.J. St John , H.A. Vu HA, K. Alibek , A. Wu, Induction of
autophagy by anthrax lethal toxin. Biochem Biophys Res Commun. 2009;379(2):293-7.

[18] N. Mizushima, Methods for monitoring autophagy, Int. J. Biochem. Cell Biol.
2004;36(12) 2491-2502.

[19] K.E. Beauregard, R.J. Collier, J.A. Swanson, Proteolytic activation of receptor-bound
anthrax protective antigen on macrophages promotes its internalization, Cell Micro‐
biol 2000; 2(3) 251-258.

[20] M.A. Delgado, R.A. Elmaoued, A.S. Davis, G. Kyei, V. Deretic, Toll-like receptors
control autophagy, EMBO J. 2008;27(7) 1110-1121.

[21] N. Kushner, D. Zhang, N. Touzjian, M. Essex, J. Lieberman, Y. Lu, A fragment of an‐
thrax lethal factor delivers proteins to the cytosol without requiring protective anti‐
gen, Proc. Natl. Acad. Sci. U. S. A. 2003;100(11) 6652-6657.

[22] K. Sandvig, B. van Deurs, Toxin-induced cell lysis: protection by 3-methyladenine
and cycloheximide, Exp. Cell Res. 1992;200(2) 253-262.

[23] A. Kassam, S.D. Der, J. Mogridge, Differentiation of human monocytic cell lines con‐
fers susceptibility to Bacillus anthracis lethal toxin, Cell Microbiol 2005;7(2) 281-292.

[24] L.H. Caro, P.J. Plomp, E.J. Wolvetang, C. Kerkhof, A.J. Meijer, 3-Methyladenine, an
inhibitor of autophagy, has multiple effects on metabolism, Eur. J. Biochem.
1988;175(2) 325-329.

[25] D. Schmid, C. Munz, Innate and adaptive immunity through autophagy, Immunity
2007;27(1) 11-21.

[26] S.D. Ha, D. Ng, J. Lamothe, M.A. Valvano, J. Han, S.O. Kim, Mitochondrial proteins
Bnip3 and Bnip3L are involved in anthrax lethal toxin-induced macrophage cell
death, J. Biol. Chem. 2007;282(36) 26275-26283.

Autophagy - A Double-Edged Sword - Cell Survival or Death?328

[27] J.F. Kuhn, P. Hoerth, S.T. Hoehn, T. Preckel, K.B. Tomer, Proteomics study of anthrax
lethal toxin-treated murine macrophages, Electrophoresis 2006;27(8) 1584-1597.

[28] M. Tsuneoka, T. Umata, H. Kimura, Y. Koda, M. Nakajima, K. Kosai, T. Takahashi, Y.
Takahashi, A. Yamamoto, c-myc induces autophagy in rat 3Y1 fibroblast cells, Cell
Struct. Funct. 2003;28(3) 195-204.

[29] W.A. Dunn, Jr., Studies on the mechanisms of autophagy: maturation of the autopha‐
gic vacuole, J. Cell Biol. 1990;110(6) 1935-1945.

[30] E.L. Eskelinen, Roles of LAMP-1 and LAMP-2 in lysosome biogenesis and autopha‐
gy, Mol. Aspects Med. 2006;27(5-6) 495-502.

Induction of Autophagy by Anthrax Lethal Toxin
http://dx.doi.org/10.5772/55873

329



Chapter 16

Up-Regulation of Autophagy Defense Mechanisms in
Mouse Mesenchymal Stromal Cells in Response to
Ionizing Irradiation Followed by Bacterial Challenge

Nikolai V. Gorbunov, Thomas B. Elliott,
Dennis P. McDaniel, K. Lund, Pei-Jyun Liao,
Min Zhai and Juliann G. Kiang

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/55397

1. Introduction

Mesenchymal stroma along with epithelium, endothelium, reticuloendothelium, and lym‐
phoid components is an essential constituent of tissue barriers that sustain immunochemical
homeostatic interactions of tissue with internal and external environments. Thus, mesenchy‐
mal stroma protects the body from infections [1-8]. A breach of immune and structural integrity
of tissue barriers under patho-physiological conditions such as complicated injury can lead to
translocation of bacteria from different host-associated microbiomes and colonization of vital
organs that can ultimately result in multiple organ failure and sepsis [9].

It is well documented that suppression of radiosensitive lymphoid and epithelial cells by
ionizing irradiation results in impairment of tissue barriers and provokes bacterial transloca‐
tion and sepsis leading to lethal outcome [10-12]. Under these circumstances one would expect
increasing stress impact to the ubiquitously present and relatively radioresistant mesenchymal
stromal components and their implication in host defense response [13]. This idea is supported
by experimental and clinical observations indicating that injury can induce recruitment of
mesenchymal stromal cells (MSCs) from bone marrow and promote their proliferative activity
in order to re-constitute integrity of fractured tissue and mediate natural debridement [2, 5,
14, 15]. Moreover, it has been shown recently that transplanted MSCs can suppress experi‐
mental sepsis and can promote healing of radiation-induced cutaneous injury and survival
from acute radiation syndrome [16-20]. All of this evidence suggests that MSCs play a crucial
role in mitigation of systemic and local effects of tissue injury under different pathophysio‐
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logical conditions. However, in the case of total body irradiation, the dynamics of MSC
response to inflammatory stimuli can be skewed due to the cytotoxic effects of irradiation; but
the mechanisms of remodeling of irradiated MSCs and their antimicrobial barrier capacity are
not known and need to be delineated. In vivo assessment of stromal cell responses against
bacteria is nearly impossible, because of (i) complexity of the architecture of the mesenchymal
network in tissues and (ii) the fact of lethal complications in the hematopoietic radiation
syndrome occurring at so low a level of microorganisms that the responses are difficult to
detect [3,10].

From this perspective our attention was attracted by the macroautophagy-lysosomal (autoly‐
sosomal) mechanism described recently in vitro in cultured mesenchymal fibroblastic stromal
cells [13]. The autophagy/autolysosomal mechanism mediates cell secretory functions and
biodegradation mechanisms implicated in phagocytosis and cell remodeling activated in
response to damage to cell constituents, endoplasmic reticular (ER) stress, and protein
misfolding [21-23]. Thus, the autolysosomal pathway is responsible for decomposition of
damaged proteins and organelles as well as phagocytized bacteria and viruses and is consid‐
ered to be a part of the innate defense mechanism [23- 25].

The dynamics of macroautophagy (hereafter referred to as autophagy) in mammalian cells are
well described in recent reviews [22, 26-28]. It has been proposed that autophagy is initiated
by the formation of the phagophore, followed by a series of steps, including the elongation
and expansion of the phagophore, closure and completion of a double-membrane autopha‐
gosome (which surrounds a portion of the cytoplasm), autophagosome maturation through
docking and fusion with an endosome (the product of fusion is defined as an amphisome) and/
or lysosome (the product of fusion is defined as an autolysosome), breakdown and degradation
of the autophagosome inner membrane and cargo through acid hydrolases inside the autoly‐
sosome, and, finally, release of the resulting macromolecules through permeases [22]. These
processes, along with the drastic membrane traffic, are mediated by factors known as autoph‐
agy-related proteins (i.e., ATG-proteins) and the lysosome-associated membrane proteins
(LAMPs) that are conserved in evolution [29]. The autophagic pathway is complex. To date
there are over 30 ATG genes identified in mammalian cells as regulators of various steps of
autophagy such as cargo recognition, autophagosome formation, etc. [22, 30]. The core
molecular machinery is comprised of (i) components of signaling cascades, such as the ULK1
and ULK2 complexes and class III PtdIns3K complexes, (ii) autophagy membrane processing
components such as mammalian Atg9 (mAtg9) that contributes to the delivery of membrane
to the autophagosome as it forms, and (iii) two conjugation systems: the microtubule-associ‐
ated protein 1 (MAP1) light chain 3 (i.e., LC3) and the Atg12–Atg5–Atg16L complex. The two
conjugation systems are proposed to function during elongation and expansion of the
phagophore membrane [22, 27, 30]. A conservative estimate of the autophagy network counts
over 400 proteins, which, besides the ATG-proteins, also including stress-response factors,
cargo adaptors, and chaperones such as p62/SQSTM1 and heat shock protein 70 (HSP70) [23,
27, 30, 32, 33-35].

Autophagy is considered as a cytoprotective process leading to tissue remodeling, recovery,
and rejuvenation. However, under circumstances leading to mis-regulation of the autolyso‐
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somal pathway, autophagy can eventually cause cell death, either as a precursor of apoptosis
in apoptosis-sensitive cells or as a result of destructive self-digestion [36].

We hypothesized that: (i) MSCs enable activation of the autophagy pathway in response to
ionizing irradiation; (ii) this mechanism is a part of adaptive remodeling essential for recovery
of MSCs from the radiation-induced injury; and (iii) activation of autophagy in the irradiated
MSCs can be potentiated by a challenge with Gram-negative or Gram-positive bacteria, e.g.,
Escherichia coli or Staphylococcus epidermidis, in order to sustain the MSC phagocytic antibacte‐
rial functions. The objective of the current chapter is to provide evidence to substantiate the
proposed hypothesis.

2. Hypothesis test: Experimental procedures and technical approach

2.1. Mouse bone marrow Mesenchymal Stromal Cells (MSCs)

The cultures of MSCs were established and expanded as described previously [13]. Phenotype,
proliferative activity, and colony-forming ability of the cells were monitored by flow cytometry
and immunofluorescence imaging using positive markers for MSCs, i.e., CD44 and Sca1 [13].

2.2. Irradiation of MSCs and challenge with bacteria

2.2.1. MSC irradiation

MSC irradiation with gamma-photons was conducted using the 60Co source in the Armed
Forces Radiobiology Research Institute. The range of the applied doses was from 1 Gy through
12 Gy at a dose rate of 0.4 Gy/min. Dosimetry was performed using the alanine/electron
paramagnetic resonance system. Calibration of the dose rate with alanine was traceable to the
National Institute of Standards and Technology and the National Physics Laboratory of the
United Kingdom. The irradiated cells were given a 24 h rest and then were subjected to either
analyses or a challenge with S. epidermidis or E. coli.

2.2.2. Challenge of MSCs with bacteria

Irradiated and non-irradiated MSC cultures (~90% confluency) were challenged with either S.
epidermidis or E. coli (5x107 bacteria/ml) for 1-3 h in antibiotic-free medium. For assessment of
the cellular alteration during a period ≥ 3 h, the incubation medium was replaced with fresh
medium containing penicillin and streptavidin antibiotics.

2.3. Cell analyses

Cell analysis for (i) the radiation-induced DNA double-strand breaks, viability, pro-apoptotic
alterations, MSC proliferative activity, integrity of cell monolayers, and colony-forming
activity; (ii) bacterial growth suppression, (iii) bacterial phagocytosis and autophagy (ATG),
and (iv) response of stress-proteins, were conducted using flow cytometry techniques,
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Forces Radiobiology Research Institute. The range of the applied doses was from 1 Gy through
12 Gy at a dose rate of 0.4 Gy/min. Dosimetry was performed using the alanine/electron
paramagnetic resonance system. Calibration of the dose rate with alanine was traceable to the
National Institute of Standards and Technology and the National Physics Laboratory of the
United Kingdom. The irradiated cells were given a 24 h rest and then were subjected to either
analyses or a challenge with S. epidermidis or E. coli.

2.2.2. Challenge of MSCs with bacteria

Irradiated and non-irradiated MSC cultures (~90% confluency) were challenged with either S.
epidermidis or E. coli (5x107 bacteria/ml) for 1-3 h in antibiotic-free medium. For assessment of
the cellular alteration during a period ≥ 3 h, the incubation medium was replaced with fresh
medium containing penicillin and streptavidin antibiotics.

2.3. Cell analyses

Cell analysis for (i) the radiation-induced DNA double-strand breaks, viability, pro-apoptotic
alterations, MSC proliferative activity, integrity of cell monolayers, and colony-forming
activity; (ii) bacterial growth suppression, (iii) bacterial phagocytosis and autophagy (ATG),
and (iv) response of stress-proteins, were conducted using flow cytometry techniques,
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fluorescence confocal imaging, protein immunoblotting, bright-field microscopy, and trans‐
mission electron microscopy (TEM).

The flow cytometry–based assessments of (i) the radiation-induced DNA double-strand
breaks; (ii) proliferative activity; and (iii) cell viability were conducted using, respectively, the
H2A.X phosphorylation assay kit (Cell Signaling Solutions, Temecula, CA); Click-iT® EdU
Cell Proliferation Assay Kit, which utilizes a modified nucleoside, EdU (5-ethynyl-2´-deoxy‐
uridine) that, in turn, is incorporated during de novo DNA synthesis in a quick-click chemistry
reaction] (Life Technologies Corp., Grand Island, NY); and the CYTOX® Blue stain (Life
Technologies Corp., Grand Island, NY).

The radiation-induced apoptotic response in MSCs was determined by immunoblot analysis
of caspase-3, a marker of apoptosis.

The data presented in Fig. 1 indicate that the MSC cultures displayed a high integrity and
survival from damage produced by irradiation with doses 1 Gy – 12 Gy. The irradiated cells
challenged with bacteria were also able to sustain integrity of confluent monolayers (Fig. 1).
The treated cells did not manifest signs of pro-apoptotic alterations. Moreover, MSCs chal‐
lenged with E. coli and S. epidermidis at 24 h following irradiation (8 Gy) were able to suppress
the bacterial growth by 1.4-fold and 1.8-fold, respectively (not shown).

2.4. Analysis of the cell proteins

Proteins from MSCs were extracted in accordance with the protocol described previously [12].
Aliquots of proteins were resolved on SDS-polyacrylamide slab gels (NuPAGE 4-12% Bis-Tris;
Invitrogen, Carlsbad, CA). After electrophoresis, proteins were blotted onto a PDVF mem‐
brane and the blots were incubated with antibodies (1 µg/ml) raised against MAP LC3, Lamp1,
p65(NFκB), HSP70, Sirt3a, SUMO1, and actin (Abcam, Santa Cruz Biotechnology Inc., LifeSpan
Biosciences, Inc., eBiosciences) followed by incubation with species-specific IgG peroxidase
conjugate.

2.5. Immunofluorescent staining and image analysis

MSCs (5 specimens per group) were fixed in 2% paraformaldehyde, processed for immuno‐
fluorescence analysis and analyzed with fluorescence confocal microscopy (30). Normal
donkey serum and antibody were diluted in phosphate-buffered saline (PBS) containing 0.5%
BSA and 0.15% glycine. Any nonspecific binding was blocked by incubating the samples with
purified normal donkey serum (Santa Cruz Biotechnology, Inc., Santa Cruz, CA) diluted 1:20.
Primary antibodies were raised against MAP LC3, Lamp1, p62/SQSTM1, p65(NFκB), FoxO3a,
Tom 20. That was followed by incubation with secondary fluorochrome-conjugated antibody
and/or streptavidin-AlexaFluor 610 conjugate (Molecular Probes, Inc., Eugene OR), and with
Heochst 33342 (Molecular Probes, Inc., Eugene OR) diluted 1:3000. Secondary antibodies used
were AlexaFluor 488 and AlexaFluor 594 conjugated donkey IgG (Molecular Probes Inc.,
Eugene OR). Negative controls for nonspecific binding included normal goat serum without
primary antibody or with secondary antibody alone. Five confocal fluorescence and DIC
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images of crypts (per specimen) were captured with a Zeiss LSM 710 microscope. The
immunofluorescence image analysis was conducted as described previously [12].

Figure 1. Functional ability of MSCs subjected to ionizing irradiation and bacterial challenge. A1. Analysis of radiation-
induced DNA double-strand breaks with flow cytometry assay of the phosphorylated H2A.X (γ-H2A.X). Conditions:
Control (in blue line) and irradiated MSCs were analyzed at 5 h (brown line) and 5 d (pink line) after 8-Gy irradiation.
A2. Analysis of the radiation-induced suppression of MSC proliferative activity with flow cytometry assay of incorpo‐
rated EdU, a modified nucleoside. The S-phase cell population was absent after irradiation Conditions: Control (red
line) and irradiated (8 Gy, blue line) MSCs were analyzed 24 h after 8-Gy irradiation. A.U. is % of maximal cell count
per channel. B. Bright-field microscopy analysis of effect of ionizing irradiation on ability of MSCs to form confluent
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lenged with E. coli and S. epidermidis at 24 h following irradiation (8 Gy) were able to suppress
the bacterial growth by 1.4-fold and 1.8-fold, respectively (not shown).
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brane and the blots were incubated with antibodies (1 µg/ml) raised against MAP LC3, Lamp1,
p65(NFκB), HSP70, Sirt3a, SUMO1, and actin (Abcam, Santa Cruz Biotechnology Inc., LifeSpan
Biosciences, Inc., eBiosciences) followed by incubation with species-specific IgG peroxidase
conjugate.

2.5. Immunofluorescent staining and image analysis

MSCs (5 specimens per group) were fixed in 2% paraformaldehyde, processed for immuno‐
fluorescence analysis and analyzed with fluorescence confocal microscopy (30). Normal
donkey serum and antibody were diluted in phosphate-buffered saline (PBS) containing 0.5%
BSA and 0.15% glycine. Any nonspecific binding was blocked by incubating the samples with
purified normal donkey serum (Santa Cruz Biotechnology, Inc., Santa Cruz, CA) diluted 1:20.
Primary antibodies were raised against MAP LC3, Lamp1, p62/SQSTM1, p65(NFκB), FoxO3a,
Tom 20. That was followed by incubation with secondary fluorochrome-conjugated antibody
and/or streptavidin-AlexaFluor 610 conjugate (Molecular Probes, Inc., Eugene OR), and with
Heochst 33342 (Molecular Probes, Inc., Eugene OR) diluted 1:3000. Secondary antibodies used
were AlexaFluor 488 and AlexaFluor 594 conjugated donkey IgG (Molecular Probes Inc.,
Eugene OR). Negative controls for nonspecific binding included normal goat serum without
primary antibody or with secondary antibody alone. Five confocal fluorescence and DIC
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images of crypts (per specimen) were captured with a Zeiss LSM 710 microscope. The
immunofluorescence image analysis was conducted as described previously [12].

Figure 1. Functional ability of MSCs subjected to ionizing irradiation and bacterial challenge. A1. Analysis of radiation-
induced DNA double-strand breaks with flow cytometry assay of the phosphorylated H2A.X (γ-H2A.X). Conditions:
Control (in blue line) and irradiated MSCs were analyzed at 5 h (brown line) and 5 d (pink line) after 8-Gy irradiation.
A2. Analysis of the radiation-induced suppression of MSC proliferative activity with flow cytometry assay of incorpo‐
rated EdU, a modified nucleoside. The S-phase cell population was absent after irradiation Conditions: Control (red
line) and irradiated (8 Gy, blue line) MSCs were analyzed 24 h after 8-Gy irradiation. A.U. is % of maximal cell count
per channel. B. Bright-field microscopy analysis of effect of ionizing irradiation on ability of MSCs to form confluent
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monolayers. Panel B1, control; Panel B2, 8-Gy irradiation; Panel B3, 12-Gy irradiation. Conditions: Images were cap‐
tured 24 h after irradiation. Panel C. Analysis of the radiation-induced suppression of MSC colony-forming ability. Con‐
ditions: MSCs were harvested 24 h after irradiation and 200 MSCs from each radiation dose sample were aliquoted to
Petri dishes and cultivated for 10 days. Panels D. Bright-field microscopy analysis of effects of bacterial challenge on
ability of the irradiated MSCs shown in panel “B2” to form confluent monolayers. Panel D1 is after irradiation only (8
Gy), Panel D2 is same as “Panel D1” but after challenge with E. coli; Panel D3 is same as “Panel D1” but after challenge
with S. epidermidis. Conditions: Images were captured 24 h after the bacterial challenge.

2.6. Transmission Electron Microscopy (TEM)

MSCs in culture were fixed in 4% formaldehyde and 4% glutaraldehyde in PBS overnight,
post-fixed in 2% osmium tetroxide in PBS, dehydrated in a graduated series of ethanol
solutions, and embedded in Spurr’s epoxy resin. Blocks were processed as described previ‐
ously [12,13]. The sections of embedded specimens were analyzed with a Philips CM100
electron microscope.

2.7. Statistical analysis

Statistical significance was determined using Student’s t-test for independent samples.
Significance was reported at a level of p<0.05.

3. Role of autophagy in adaptive response of MSCs to radiation injury and
phagocytosis of S. epidermidis and E. coli

3.1. Alterations in the MSC stress-response-proteins following irradiation and bacterial
challenge

The 8-Gy irradiation resulted in substantial DNA double-strand breaks in MSCs detectable
with the γ-H2AX assay at 5 h post-exposure (Fig. 1A, brown line). This effect disappeared at
5 d post-irradiation recovery (Fig. 1A1, pink line). The observed DNA damage was accompa‐
nied by suppression of the cell proliferative activity determined with Click-iT® EdU Cell
Proliferation Assay. As shown in Fig. 1A2 (red line), in control groups the cell populations
were represented by the cells in both G1 and S phases. Following irradiation, the entire cell
population was in G1 phase. The data presented in Fig. 1B indicate that the MSC cultures
displayed a high integrity and survival from damage produced by irradiation at doses ranging
from 1 Gy to 12 Gy, but that their ability to form colonies was reduced in a radiation dose-
dependent manner (Fig. 1C).

The irradiated cells challenged with bacteria were also able to sustain integrity of confluent
monolayers (Fig. 1D). These cells did not manifest signs of pro-apoptotic alterations. Moreover,
MSCs challenged with E. coli and S. epidermidis 24 h after irradiation (8 Gy) were able to
suppress the bacterial growth by 1.4-fold and 1.8-fold, respectively (not shown).

The data presented in Fig. 1 indicate that, despite radiation-produced damage and suppression
of proliferative activity, MSCs demonstrated substantial radioresistance and absence of
significant apoptotic and necrotic transformations in a wide range of radiation doses, i.e., 1-12
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Gy. Interactive investigation of the stress-response factors implicated in cell survival may be
important for the development of effective therapies for radiation injury (RI).

According to a current paradigm, the general stress responses involve conserved signaling
modules that, in turn, are interconnected to the cellular adaptive mechanisms [37]. It is
suggested that the stress due to molecular and organelle damage, impact of pro-oxidants, and
infections triggers a cascade of responses attributed to specific sensitive transcriptional and
post-transcriptional mechanisms mediating inflammation, antioxidant response, adaptation,
and remodeling [36-40]. Ionizing radiation (IR) per se stimulates signaling cascades mediated
by transcription factors and pathways that are believed to play a central role in protective
response(s) to the molecular and subcellular damage and the oxidative stress. They include
(but are not limited to) a battery of thiol-containing redox-response elements, redox-sensitive
transcription factors such as nuclear factor-kappa B (NFκB) and forkhead box O3a (FoxO3a),
stress-response adaptors such as the chaperone heat-shock protein 70 (HSP70) and NAD+-
dependent deacetylase sirtuin-3 (Sirt3), and activators of the autolysosomal degradation.
Overall, these effector systems are crucial in maintaining homeostasis, which is altered due to
damage to the cell constituents [33, 40-46]. It should be noted that, while the role of the IR-
induced NFκB response in cell survival is well communicated, HSP70, the mitochondrial Sirt3,
and FoxO3a are relatively newly-determined players implicated in adaptive mechanisms
[43-48]. Thus, it has recently been observed that HSP70 and Sirt3 can sustain cell radioresistance
and antioxidant capacity of mitochondria respectively; and that FoxO3a can promote cell
survival by inducing the expression of antioxidant enzymes, autophagy, and factors involved
in cell cycle withdrawal, such as the cyclin-dependent kinase inhibitor (CKI) p27 [33, 44-48].

Although the transcription factors NFκB and FoxO3a are normally sequestered in the cyto‐
plasm, ionizing irradiation, bacterial products, pro-inflammatory effectors, and oxidative
stress can stimulate their nuclear translocation and DNA-binding activity [13, 42, 43]. NFκB
and FoxO3a are known to regulate numerous genes, including autophagy genes, and therefore,
could link responses to IR and bacterial challenge with up-regulation of autolysosomal activity
[13, 40, 42, 43, 45]. We do not, however, exclude implication of stress-induced adaptors and
chaperones such as the heat-shock proteins (HSPs). HSP70, in particular, was shown to
promote cell radioresistance and can regulate autophagy [33, 46]. Therefore, we assumed that
a battery of stress-sensitive mechanisms mediated by survival factors such as NFκB, FoxO3a,
Sirt3, and HSP70 are involved in an adaptive response of MSCs to IR and bacterial challenge.

Immunoblotting analysis of stress-response proteins presented in Fig. 2A indicates that control
MSCs had relatively high amounts of constitutively expressed HSP70 and (p65)NFκB and a
detectable amount of Sirt3. These basal levels did not significantly change at 24 h following 8-
Gy irradiation. A slight increase in HSP70, (p65)NFκB, and Sirt3 occurred only after 12-Gy
irradiation. Up-regulation of Casp-3 was not detected in the irradiated MSCs (Fig. 2A), which
suggested the absence of pro-apoptotic alterations. Additional bacterial challenge of the 8-Gy
irradiated MSCs did not compromise their viability (Fig. 1D) and did not affect the profile of
the stress-proteins, except that IR induced a significant increase in Sirt3, a mitochondrial stress-
response protein, and MMP3, the type 3 matrix metalloproteinase, essential for remodeling of
extracellular matrix (Fig. 2B).
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electron microscope.

2.7. Statistical analysis

Statistical significance was determined using Student’s t-test for independent samples.
Significance was reported at a level of p<0.05.

3. Role of autophagy in adaptive response of MSCs to radiation injury and
phagocytosis of S. epidermidis and E. coli
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The 8-Gy irradiation resulted in substantial DNA double-strand breaks in MSCs detectable
with the γ-H2AX assay at 5 h post-exposure (Fig. 1A, brown line). This effect disappeared at
5 d post-irradiation recovery (Fig. 1A1, pink line). The observed DNA damage was accompa‐
nied by suppression of the cell proliferative activity determined with Click-iT® EdU Cell
Proliferation Assay. As shown in Fig. 1A2 (red line), in control groups the cell populations
were represented by the cells in both G1 and S phases. Following irradiation, the entire cell
population was in G1 phase. The data presented in Fig. 1B indicate that the MSC cultures
displayed a high integrity and survival from damage produced by irradiation at doses ranging
from 1 Gy to 12 Gy, but that their ability to form colonies was reduced in a radiation dose-
dependent manner (Fig. 1C).

The irradiated cells challenged with bacteria were also able to sustain integrity of confluent
monolayers (Fig. 1D). These cells did not manifest signs of pro-apoptotic alterations. Moreover,
MSCs challenged with E. coli and S. epidermidis 24 h after irradiation (8 Gy) were able to
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Gy. Interactive investigation of the stress-response factors implicated in cell survival may be
important for the development of effective therapies for radiation injury (RI).

According to a current paradigm, the general stress responses involve conserved signaling
modules that, in turn, are interconnected to the cellular adaptive mechanisms [37]. It is
suggested that the stress due to molecular and organelle damage, impact of pro-oxidants, and
infections triggers a cascade of responses attributed to specific sensitive transcriptional and
post-transcriptional mechanisms mediating inflammation, antioxidant response, adaptation,
and remodeling [36-40]. Ionizing radiation (IR) per se stimulates signaling cascades mediated
by transcription factors and pathways that are believed to play a central role in protective
response(s) to the molecular and subcellular damage and the oxidative stress. They include
(but are not limited to) a battery of thiol-containing redox-response elements, redox-sensitive
transcription factors such as nuclear factor-kappa B (NFκB) and forkhead box O3a (FoxO3a),
stress-response adaptors such as the chaperone heat-shock protein 70 (HSP70) and NAD+-
dependent deacetylase sirtuin-3 (Sirt3), and activators of the autolysosomal degradation.
Overall, these effector systems are crucial in maintaining homeostasis, which is altered due to
damage to the cell constituents [33, 40-46]. It should be noted that, while the role of the IR-
induced NFκB response in cell survival is well communicated, HSP70, the mitochondrial Sirt3,
and FoxO3a are relatively newly-determined players implicated in adaptive mechanisms
[43-48]. Thus, it has recently been observed that HSP70 and Sirt3 can sustain cell radioresistance
and antioxidant capacity of mitochondria respectively; and that FoxO3a can promote cell
survival by inducing the expression of antioxidant enzymes, autophagy, and factors involved
in cell cycle withdrawal, such as the cyclin-dependent kinase inhibitor (CKI) p27 [33, 44-48].

Although the transcription factors NFκB and FoxO3a are normally sequestered in the cyto‐
plasm, ionizing irradiation, bacterial products, pro-inflammatory effectors, and oxidative
stress can stimulate their nuclear translocation and DNA-binding activity [13, 42, 43]. NFκB
and FoxO3a are known to regulate numerous genes, including autophagy genes, and therefore,
could link responses to IR and bacterial challenge with up-regulation of autolysosomal activity
[13, 40, 42, 43, 45]. We do not, however, exclude implication of stress-induced adaptors and
chaperones such as the heat-shock proteins (HSPs). HSP70, in particular, was shown to
promote cell radioresistance and can regulate autophagy [33, 46]. Therefore, we assumed that
a battery of stress-sensitive mechanisms mediated by survival factors such as NFκB, FoxO3a,
Sirt3, and HSP70 are involved in an adaptive response of MSCs to IR and bacterial challenge.

Immunoblotting analysis of stress-response proteins presented in Fig. 2A indicates that control
MSCs had relatively high amounts of constitutively expressed HSP70 and (p65)NFκB and a
detectable amount of Sirt3. These basal levels did not significantly change at 24 h following 8-
Gy irradiation. A slight increase in HSP70, (p65)NFκB, and Sirt3 occurred only after 12-Gy
irradiation. Up-regulation of Casp-3 was not detected in the irradiated MSCs (Fig. 2A), which
suggested the absence of pro-apoptotic alterations. Additional bacterial challenge of the 8-Gy
irradiated MSCs did not compromise their viability (Fig. 1D) and did not affect the profile of
the stress-proteins, except that IR induced a significant increase in Sirt3, a mitochondrial stress-
response protein, and MMP3, the type 3 matrix metalloproteinase, essential for remodeling of
extracellular matrix (Fig. 2B).
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Figure 2. Immunoblot analysis of stress-response proteins in MSCs subjected to irradiation and bacterial challenge. A.
MSCs, control and irradiated with 8 Gy and 12 Gy. Conditions: MSCs were harvested 24 h after irradiation then lysed
and subjected to immunoblot analysis for stress-response proteins (HSP70, NFκB, and Sirt3), autolysosomal proteins
(LC3-1 and LC3-II), and pro-apoptotic protein Caspase-3. B. MSCs irradiated with 8 Gy were challenged with either E.
coli or S. epidermidis. Conditions: Irradiated MSCs were challenged with approximately 5x107 bacteria /ml for 3 h in
MesenCult Medium (without antibiotics). The cells were harvested and lysed 24 h after challenge. The protein lysates
were subjected to immunoblot analysis for stress-response proteins (HSP70, NFκB, Sirt3, and MMP3).

Although in these experiments we did not observe a significant alteration of the amount of
(p65)NFκB (Fig. 2B), the response of NFκB to IR was characterized by re-compartmentalization
of (p65)NFκB resulting in an increase in its nuclear fraction (Fig. 3A). It should be noted that
pre-incubation of the cells with pyrrolidine dithiocarbamate, an inhibitor of NFκB transloca‐
tion, or wortmannin, an inhibitor of autophagy, resulted in development of pro-apoptotic
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alterations and loss of confluency after irradiation (not shown). Immunofluorescence imaging
of spacial localization of FoxO3a in MSCs (Fig. 3B) indicated that FoxO3a response to IR was
associated with an increase in its nuclear fraction in a manner similar to (p65)NFκB.

Figure 3. Confocal immunofluorescence imaging of nuclear translocation of NFκB and FoxO3a and activation of au‐
tophagy in MSCs subjected to 8-Gy irradiation. A. Projections of NFκB (red) in MSCs: A1, control; A2, 24 h after irradia‐
tion. Increase of nuclear fraction of p65 subunit of NFκB was observed in the irradiated cells due to transactivation of
NFκB (indicated with white arrows). B. Projections of FoxO3a (red) in MSCs: B1, control; B2, 24 h after irradiation. In‐
crease of nuclear fraction of FoxO3a was observed in the irradiated cells due to transactivation of FoxO3a (indicated
with white arrows). C. Projections of LC3-positive autophagy vacuoles (green) in MSCs: C1, control; C2, 24 h after irra‐
diation. A massive accumulation of autophagosomes occurred in irradiated MSCs (indicated with red arrows). Coun‐
terstaining of nuclei was with Hoechst 33342 (blue channel). The confocal images were taken with pinhole setup to
obtain 0.5 µm Z-sections.

3.2. Autophagy—Autolysosomal response and secretory-activity in the irradiated MSCs
subjected to bacterial challenge

The autophagy-autolysosomal  pathway is  considered to  be  an  evolutionarily  developed
pro-survival  mechanism,  the  purpose  of  which  is  to  remove  damaged  and  misfolded
proteins, compromised organelles, and pathogens including bacteria [12, 21, 29, 34, 40]. A
key  step  in  autophagosome biogenesis  is  the  conversion  of  light-chain  protein  3  type  I
(LC3-I,  also  known  as  ubiquitin-like  protein,  Atg8)  to  type  II  (LC3-II).  The  conversion
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associated with an increase in its nuclear fraction in a manner similar to (p65)NFκB.
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3.2. Autophagy—Autolysosomal response and secretory-activity in the irradiated MSCs
subjected to bacterial challenge

The autophagy-autolysosomal  pathway is  considered to  be  an  evolutionarily  developed
pro-survival  mechanism,  the  purpose  of  which  is  to  remove  damaged  and  misfolded
proteins, compromised organelles, and pathogens including bacteria [12, 21, 29, 34, 40]. A
key  step  in  autophagosome biogenesis  is  the  conversion  of  light-chain  protein  3  type  I
(LC3-I,  also  known  as  ubiquitin-like  protein,  Atg8)  to  type  II  (LC3-II).  The  conversion
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occurs via the cleavage of the LC3-I carboxyl terminus by a redox-sensitive Atg4 cysteine
protease. The subsequent binding of the modified LC3-I to phosphatidylethanolamine, i.e.,
process of lipidation of LC3-1, on the isolation membrane, as it forms, is mediated by E-1-
and E-2-like enzymes Atg7 and Atg3 [22, 26, 27, 40, 49]. Therefore, conversion of LC3-I to
LC3-II and formation of LC3-positive vesicles are considered to be a marker of activation
of  autophagy [22,  26,  27,  33,  40].  Notably,  a  growing body of  reports  suggests  implica‐
tion of FoxO3a and HSP-70 in regulation of LC3 expression and translocation [32, 43, 45].

A line of evidence suggests that autophagy is a more selective process than the “bulk process”
as it was originally defined [40, 49]. The discovery and characterization of autophagic adapters
like p62/sequestrosome 1 (SQSTM1) and NBR1 (neighbor of BRCA1 gene 1), and target-
ubiquitination with small ubiquitin-like modifier 1 (SUMO1) has provided mechanistic insight
into this process. p62/SQSTM1 and NBR1 are both selectively degraded by autophagy and are
able to act as cargo receptors for degradation of ubiquitinated/sumoylated substrates. A direct
interaction between these autophagic adapters and the autophagosomal marker protein LC3-
II, mediated by a so-called LIR (LC3-interacting region) motif, and their inherent ability to
polymerize or aggregate, as well as their ability to specifically recognize substrates, are
required for efficient selective autophagy [40, 49].

We  hypothesized  that  autophagy  and  xenophagy  (i.e.,  selective  degradation  of  foreign
pathogens by autophagy) can be implicated in the pro-survival response of MSCs to IR-
related damage and bacterial challenge. To address this hypothesis we conducted immuno‐
blotting  and  immunofluorescence  confocal  imaging  of  autophagy  MAP  (LC3)  protein,
lysosomal LAMP1 and SUMO1 in MSCs after irradiation and challenge with E. coli and S.
epidermidis.

The immunoblotting analysis of MSC proteins revealed a drastic increase in LC3-I and LC3-II
(compared to control) at 24 h following 8-Gy and 12-Gy irradiation (Fig. 2A). These results
suggested that, indeed, the autophagy MAP (LC3) pathway is implicated in that MSC response
to IR-induced injury. In contrast to MAP (LC3), we did not observe a substantial increase in
HSP-70. This was most likely due to relatively high background expression of this stress-
response protein in the cells (Fig. 2A).

The above immunoblotting results were corroborated by the immunofluorescence confo‐
cal image analysis of the LC3 protein in MSCs. Thus, the data presented in Fig. 3C suggest
that up-regulation of LC3-I/LC3-II proteins in the 8-Gy-irradiated cells was associated with
massive formation of the LC3-positive vesicles which are well-documented to be features
of  autophagy [12,  13,  33].  The further  TEM-assessment of  the 8-Gy irradiated MSCs (in
comparison with controls) revealed the presence of multiple vacuoles, which were formed
by double-layer membrane and sequestered constituents of different densities (Figs. 4 A-
C). Some of these vacuoles can be identified as secretory autolysosomes by the presence
of multilamellar structures (most likely fibers of collagen) released extracellularly (Figs. 4
D and E),  while others contained fractured organelles including mitochondria (Figs.  4 C
and F).
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Figure 4. Transmission electron (TEM) analysis of autolysosomal vacuoles in irradiated MSCs. Panel A: A control MSC.
Panel B: Irradiated MSC. A massive formation of different density autolysosomal vacuoles occurred after irradiation
(indicated with pink arrows). Specimens were fixed 24 h after irradiation with 8 Gy gamma-photons. Panel C: Autoly‐
sosome sequestering cellular constituents (indicated with yellow arrows) in an irradiated MSC. Panel D: Formation of
secretory autolysosomes containing multilamellar structures (indicated with red arrows) in an irradiated MSC. Panel E:
Extracellular secretion of multilamellar structures from an irradiated cell. Panel F: Autolysosome sequestering mito‐
chondria, e.g., mitophagy, (indicated with blue arrow) in an irradiated MSC. Abbreviations: “Vc”, vacuoles; “Atg”, auto‐
phagosomes/autolysosomes; “Mtg”, mitophagy.

In our recent research we demonstrated that intact MSCs are able to up-regulate autophagy
in response to challenge with E. coli and employ this mechanism for inactivation of the
microorganisms [13]. The data presented in this report showed that the irradiated MSCs
retained their ability to phagocytise bacteria in a manner similar to that of non-irradiated MSCs
(Fig. 5). Indeed, sequestration and degradation of E. coli and S. epidermidis in the MSC vacuoles,
constituted by characteristic autophagosomal membranes, was observed at 5 h after bacterial
challenge of both non-irradiated and irradiated MSCs (Figs. 5 A, B, D, and E).

The immunofluorescence confocal image analysis of the irradiated MSCs challenged with
bacteria showed that the vacuoles containing bacteria were LC3-positive and that this LC3
immunoreactivity was co-localized with immunoreactivity to LAMP1, a marker of lysosomes,
indicating presence of fusion of autophagosomes with lysosomes, i.e., formation of autolyso‐
somes (Fig. 6). This increase in autolysosomal activity was accompanied by accumulation of
the proteins LC3-II, a marker of up-regulation of autophagy, LAMP1, and p62/SQSTM1, a
target adaptor (Figs. 7A and C). Meanwhile, the level of SUMO1, a target modifier protein, in
the cells decreased after bacterial challenge (Fig. 7A). Interestingly, irradiation and bacterial
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The above immunoblotting results were corroborated by the immunofluorescence confo‐
cal image analysis of the LC3 protein in MSCs. Thus, the data presented in Fig. 3C suggest
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(indicated with pink arrows). Specimens were fixed 24 h after irradiation with 8 Gy gamma-photons. Panel C: Autoly‐
sosome sequestering cellular constituents (indicated with yellow arrows) in an irradiated MSC. Panel D: Formation of
secretory autolysosomes containing multilamellar structures (indicated with red arrows) in an irradiated MSC. Panel E:
Extracellular secretion of multilamellar structures from an irradiated cell. Panel F: Autolysosome sequestering mito‐
chondria, e.g., mitophagy, (indicated with blue arrow) in an irradiated MSC. Abbreviations: “Vc”, vacuoles; “Atg”, auto‐
phagosomes/autolysosomes; “Mtg”, mitophagy.

In our recent research we demonstrated that intact MSCs are able to up-regulate autophagy
in response to challenge with E. coli and employ this mechanism for inactivation of the
microorganisms [13]. The data presented in this report showed that the irradiated MSCs
retained their ability to phagocytise bacteria in a manner similar to that of non-irradiated MSCs
(Fig. 5). Indeed, sequestration and degradation of E. coli and S. epidermidis in the MSC vacuoles,
constituted by characteristic autophagosomal membranes, was observed at 5 h after bacterial
challenge of both non-irradiated and irradiated MSCs (Figs. 5 A, B, D, and E).

The immunofluorescence confocal image analysis of the irradiated MSCs challenged with
bacteria showed that the vacuoles containing bacteria were LC3-positive and that this LC3
immunoreactivity was co-localized with immunoreactivity to LAMP1, a marker of lysosomes,
indicating presence of fusion of autophagosomes with lysosomes, i.e., formation of autolyso‐
somes (Fig. 6). This increase in autolysosomal activity was accompanied by accumulation of
the proteins LC3-II, a marker of up-regulation of autophagy, LAMP1, and p62/SQSTM1, a
target adaptor (Figs. 7A and C). Meanwhile, the level of SUMO1, a target modifier protein, in
the cells decreased after bacterial challenge (Fig. 7A). Interestingly, irradiation and bacterial
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challenge resulted in up-regulation of the factors responsible for modification of extracellular
matrix, such as collagen III, MMP3, and MMP13, i.e., the collagenase-3, (Fig. 7C), indicating
that the stress-response aimed at multiple targets including extracellular ones.

Figure 5. Assessment of phagocytosis and autophagy/autolysosomal processing of E. coli or S. epidermidis in irradiat‐
ed MSCs with transmission electron microscopy. Panels A and B: Autolysosomal degradation of phagocytized E. coli
and S. epidermidis in control MSCs. Autophagosome (ATG) membranes are indicated with yellow arrows. Conditions:
Control MSCs were challenged with ~5x107 bacteria /ml for 3 h as indicated in Methods. The cells were harvested and
fixed for TEM 5 h after challenge. Panels C, D, and E: TEM micrographs obtained from the 8-Gy irradiated cells. C -
Engulfing and up-take of E. coli (pink arrows) by the cell plasma membrane extrusions (black arrows). D - Autolysoso‐
mal degradation of phagocytized E. coli. E - Autolysosomal degradation of phagocytized S. epidermidis. Atg,
autophagosomes/autolysosomes. Conditions: 8-Gy irradiated MSCs were challenged with ~5x107 bacteria/ml for 3 h
as indicated in Methods. The cells were harvested and fixed for TEM 5 h after challenge.
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Figure 6. Confocal immunofluorescence imaging of autolysosomal sequestration of E. coli and S. epidermidis microor‐
ganisms phagocytized by MSCs irradiated at 8-Gy. Panel A – (Blue channel). E. coli (small arrows) and MSC nuclear
DNA (large arrow) are indicated. Panel B – (Red channel). Spatial localization of LAMP1 is indicated with arrows. Panel
C – (Green channel). Spatial localization of LC3 is indicated with arrows. Panel D – Overlay of images appeared in the
blue, red, and green channels and presented in panels A, B, and C, respectively. Spatial co-localization of LAMP1, LC3,
and E. coli DNA is indicated with arrows. Conditions: 8-Gy irradiated MSCs were challenged with ~5x107 E. coli/ml for 3
h. The cells were fixed 24 h after challenge. The fixed cells were subjected to immunofluorescence analysis for autoly‐
sosomal proteins. Panel E – (Blue channel). S. epidermidis (small arrows) and MSC nuclear DNA (large arrow) are indi‐
cated. Panel F – (Red channel). Spatial localization of LAMP1 is indicated with arrows. Panel G – (Green channel).
Spatial localization of LC3 is indicated with arrows. Panel H – Overlay of images appeared in the blue, red, and green
channels and presented in panels E, F, and G, respectively. Spatial co-localization of LAMP1, LC3, and S. epidermidis
DNA is indicated with arrows. Conditions: 8-Gy irradiated MSCs were challenged with ~5x107 S. epidermidis/ml for 3
h. The cells were fixed 24 h after challenge. The fixed cells were subjected to immunofluorescence analysis for autoly‐
sosomal proteins. Counterstaining of nuclei was with Hoechst 33342 (blue channel). The confocal images were taken
with pinhole setup to obtain 0.5 µm Z-sections.
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Figure 7. Immunoblot assessment of autolysosomal response in MSCs subjected to 8-Gy irradiation followed by chal‐
lenge with either E. coli or S. epidermidis. Panel A. Representative immunoblotting bands of SUMO1, LC3, and LAMP1.
Note that irradiated MSCs were challenged with E. coli. Panel B. Densitometry histograms of LC3-II bands of the immu‐
noblots of proteins from the irradiated MSCs subjected to challenge with E. coli or S. epidermidis. The presented bars
indicate the relative density of LC3-II protein (normalized to density of actin bands). The statistical significance was
determined by Student’s t-test (n=3). Panel C. Representative immunoblots of collagen III, MMP3, MMP13, and p62/
SQSM1. Note that irradiated MSCs were challenged with E. coli. Conditions: Irradiated MSCs were challenged with ap‐
proximately 5x107 bacteria/ml for 3 h as indicated in Methods. The cells were harvested and lysed 24 h after chal‐
lenge.

Various cells eliminate bacterial microorganisms by autophagy, and this elimination is in many
cases crucial for host resistance to bacterial translocation. Targeting of microorganisms can
occur outside of the host cells in extracellular matrix by different defense mechanisms, such
as the cell-produced oxidative burst, nitric oxide, antibacterial peptides, and extracellular traps
[50]. The data presented in the present report (Figs. 2, 4, 5, 7) suggest that MSCs can employ
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the autophagy mechanism to modify extracellular matrix by releasing collagen and matrix
metalloproteases in order to increase efficacy of extracellular entrapment, uptake, and further
phagocytosis of the microorganisms.

Recent observations suggest that autophagosomes do not form randomly in the cytoplasm,
but rather sequester the bacteria selectively [23, 49, 51]. Therefore, autophagosomes that engulf
microbes are sometimes much larger than those formed during degradation of cellular
organelles, suggesting that the elongation step of the autophagosome membrane is involved
in bacteria-surrounding autophagy [13, 32]. This effect could be observed by comparison of
profiles of the autophagosomes, which appeared in the irradiated MSCs before and after
challenge with bacteria (Figs. 3 and 6). The mechanism underlying selective induction of
autophagy at the site of microbe phagocytosis remains unknown. However, it is likely
mediated by pattern recognition receptors, stress-response elements, adaptor proteins, e.g.,
p62/SQSTM1, and ubiquitin-like modifiers, which can target bacteria and ultimately recruit
factors essential for the formation of autophagosomes [21, 22, 52].

4. Conclusion

Survival of multicellular organisms in a non-sterile environment requires a network of host
defense mechanisms. The initial contact of pathogenic and opportunistic microorganisms with
a host usually takes place at internal or external body surfaces. Microbial growth and trans‐
location are controlled by multi-layer integrative tissue barriers that mediate innate defense
mechanisms. Tissue injury compromises barrier function, and increases risk of infection and
sepsis. Recent observations from our laboratory indicate that ubiquitous MSCs can modulate
systemic responses to bacterial infection and support tissue repair and healing when recruited
at sites of injury [2, 5, 9, 14-18]. However, these “compensatory” responses of MSCs can be
skewed and suppressed after irradiation. To elucidate the role of autophagy in response of
stromal cells to radiation injury and bacterial infection we irradiated cultured MSCs and
challenged them with S. epidermidis or E. coli. Using this cell model we showed that (i)
irradiation induced translocation of cytosol NF-kB and FoxO3a to the nucleus; (ii) irradiation
and bacterial challenge induced increases in Sirt3 stress-response factors, LC3, MMP3, MMP13,
collagen III, SUMO1, and p62/SQSM1 proteins; and (iii) the antibacterial defense response of
the irradiated MSCs was characterized by extensive phagocytosis and inactivation of both S.
epidermidis or E. coli in autolysosomes.

Our communication is the first report demonstrating a potential role of MSCs in sustaining
antibacterial barrier functions of irradiated tissues. We postulate that effector mechanisms
expressed by MSCs can contribute to the innate defense response to IR injury alone or,
especially, when IR is combined with trauma.
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Chapter 17

Role of Autophagy in Parkinson’s Disease

Grace G.Y. Lim, Chengwu Zhang and
Kah-Leong Lim

Additional information is available at the end of the chapter
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1. Introduction

Parkinson’s disease (PD) is a prevalent neurodegenerative movement disorder whose
occurrence crosses geographic, racial and social boundaries affecting 1-2% of the population
above the age of 65 (Dorsey et al., 2007). Clinically, the disease is attended by a constellation
of motoric deficits that progressively worsen with age, which ultimately leads to near total
immobility. Although pathological changes are distributed in the PD brain (Braak et al.,
2003), the principal lesion that underlies the characteristic motor phenotype of PD patients is
unequivocally the loss of dopaminergic neurons in the substantia nigra pars compacta (SNpc) of
the midbrain. This neuronal loss results in a severe depletion of striatal dopamine (DA) and
thereby an impaired nigrostriatal system that otherwise allows an individual to execute
proper, coordinated movements. Accordingly, pharmacological replacement of brain DA via
L-DOPA administration represents an effective symptomatic recourse for the patient (espe‐
cially during the initial stages of the disease) and remains a clinical gold standard treatment
for PD. However, neither L-DOPA nor any currently available therapies could slow or stop
the insidious degenerative process in the PD brain. Thus, PD remains an incurable disease.
Invariably, the debilitating nature and morbidity of the disease present significant healthcare,
social, emotional and economic problems. As the world population rapidly ages, these
problems undoubtedly would also increase. According to a recent report, more than 4 million
individuals in Europe’s five most and the world’s ten most populous countries are currently
afflicted with PD (Dorsey et al., 2007). In less than 20 years’ time, the number of PD sufferers
is projected to increase to close to 10 million (i.e. in 2030). This is definitely a worrying trend,
and one that aptly emphasizes the urgency to develop more effective treatment modalities for
the PD patient. Towards this endeavour, a better understanding of the molecular mechanism(s)
that underlies the pathogenesis of PD would definitely be helpful, as the illumination of which

© 2013 Lim et al.; licensee InTech. This is an open access article distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.

© 2013 Lim et al.; licensee InTech. This is a paper distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.
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would allow the identification and therapeutic exploitation of key molecules/events involved
in the pathogenic process.

Although a subject of intense research, the etiology of PD unfortunately remains incompletely
understood. However, a broad range of studies conducted over the past few decades, including
epidemiological, genetic and post-mortem analysis, as well as in vitro and in vivo modelling,
have contributed significantly to our understanding of the pathogenesis of the disease. In
particular, the recent identification and functional characterization of several genes, including
α-synuclein, parkin, DJ-1, PINK1 and LRRK2, whose mutations are causative of rare familial
forms of PD have provided tremendous insights into the molecular pathways underlying
dopaminergic neurodegeneration (Lim and Ng, 2009; Martin et al., 2011). Collectively, these
studies implicate aberrant protein and mitochondrial homeostasis as key contributors to the
development of PD, with oxidative stress likely acting an important nexus between the two
pathogenic events.

2. Aberrant protein homeostasis & PD

Perhaps the most glaring evidence suggesting that protein homeostasis has gone awry in the
PD brain is the presence of intra-neuronal inclusions, known as Lewy Bodies (LBs), in affected
regions of the diseased brain in numbers that far exceed their occasional presence in the normal
brain (Lewy, 1912). These signature inclusions of PD comprise of a plethora of protein
constituents that include several PD-linked gene products such as α-synuclein, parkin, DJ-1,
PINK1 and LRRK2. In a recent report, Wakabayashi and colleagues have documented more
than 90 components of the LB and have grouped them into 13 functional groups (Table 1)
(Wakabayashi et al., 2012). Among these, α-synuclein is recognized as the major component
of LB and thought to be the key initiator of LB biogenesis.

However, whether LB biogenesis represents a cytoprotective or pathogenic mechanism in PD
remains debatable. Notwithstanding this, how proteins aggregate to form LB is intriguing in
the first place, as the cell is endowed with several complex surveillance machineries to detect
and repair faulty proteins, and also destroy those are beyond repair rapidly (Fig. 1). In this
surveillance system, the chaperones (comprising of members of the heat-shock proteins)
represent the first line of defense in ensuring the correct folding and refolding of proteins
(Liberek et al., 2008). When a native folding state could not be attained, the chaperones will
direct the misfolded protein for proteolyic removal typically by the proteasome. Proteins that
are destined for proteasome-mediated degradation are usually added a chain of ubiquitin via
a reaction cascade that involves the ubiquitin-activating (E1), -conjugating (E2) and -ligating
(E3) enzymes, whereby successive iso-peptide linkages are formed between the terminal
residue (G76) of one ubiquitin molecule and a lysine (K) residue (most commonly K48) within
another. The (G76-K48) polyubiquitinated substrate is then recognized by the 26S proteasome
as a target for degradation (Pickart and Cohen, 2004). It is noteworthy to mention that although
the G76-K48 chain linkage is the most common form of polyubiquitin, ubiquitin self-assembly
can occur at any lysine residues within the molecule (at positions 6, 11, 27, 29, 33, 48 and 63)
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(Pickart, 2000; Peng et al., 2003). In addition, proteins can also be monoubiquitinated. Notably,
both K63-linked polyubiquitination and monoubiquitination of proteins are not typically
associated with proteasome-mediated degradation (Pickart, 2000; Peng et al., 2003).

Group Components Remarks

1 α-synuclein; Neurofilaments Structural Elements

2 Agrin; 14-3-3; Synphilin-1; Tau α-synuclein-binding proteins

3 Dorfin; GSK-3β; NUB1; Parkin; Pin1; SIAH-1 Synphilin-1-binding proteins

4

Ubiquitin; E1; UbcH7; TRAF6; TRIM9; Proteasome subunits;

PA700; PA28; β-TrCP; Cullin-1; HDAC4; NEDD8; p38; p62

(Sequestosome 1); ROC1; UCHL1

UPS-related proteins

5 LC3; GABARAP; GATE-16; Glucocerebrosidase; NBR-1 Autophagosome-lysosome system

6 γ-tubulin; HDAC6; Peri-centrin Aggresome-related proteins

7
DJ-1; CHIP; Clusterin/apolipoprotein J; DnaJB6; Heat Shock

Proteins; Torsin A, SOD1 & 2; FOXO3a
Stress response-related proteins

8

CaMKII; Casein Kinase II; CDK5, G-Protein Coupled Receptor

Kinase 5; LRRK2; PINK1; IκBα; NFκB; p35; phospho-lipase C-δ;

Tissue Transglutaminase

Signal transduction-related proteins

9 MAP1B; MAP2; Sept4/H5 Cytoskeletal proteins

10 Cox IV; Cytochrome C; Omi/HtrA2 Mitochondria-related proteins

11 Cyclin B; Retinoblastoma Protein Cell cycle proteins

12

Amyloid Precursor Protein; Calbindin; Choline Acetyltransferase;

Chromogranin A; Synaptophysin; Synaptotagmin; Tyrosine

Hydroxylase; VMAT2

Cytosolic Proteins

13 Complement Proteins; Immunoglobulin Immune-related proteins

Table 1. Components of Lewy Body (Wakabayashi et al., 2012)

Whilst the coupling of chaperone and ubiquitin protein system (UPS) provides an efficient
way for the cell to deal with protein misfolding, there are times when the capacity of these
systems may be exceeded by the production of misfolded proteins (e.g. under conditions of
cellular stress). In such cases, aggregation-prone proteins that failed to be degraded may be
transported along microtubules in a retrograde fashion to the microtubule organizing center
to form an “aggresome”, a term originally coined by Johnston and Kopito more than a decade
ago (Johnston et al., 1998). According to the model, aggresome formation represents a cellular
response towards proteasome impairments and their localization to the juxta-nuclear region
is to facilitate their capture by lysosomes and thereby their clearance by macroautophagy
(hereafter referred to as autophagy). Consistent with this, aggregation-prone proteins often
generate aggresome-like structures when ectopically expressed in cultured cells in the
presence of proteasome inhibition (Wong et al., 2008). Moreover, several groups including ours
have demonstrated that autophagy induction promotes the clearance of aggresomes whereas
the reverse is true when the bulk degradation system is inhibited (Fortun et al., 2003; Iwata et
al., 2005b; Opazo et al., 2008; Wong et al., 2008).
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would allow the identification and therapeutic exploitation of key molecules/events involved
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presence of proteasome inhibition (Wong et al., 2008). Moreover, several groups including ours
have demonstrated that autophagy induction promotes the clearance of aggresomes whereas
the reverse is true when the bulk degradation system is inhibited (Fortun et al., 2003; Iwata et
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Together, the chaperone, ubiquitin-proteasome and autophagy systems thus function in
synergism to effectively counterbalance the threat of protein misfolding and aggregation.
Accordingly, aberrations in one or more of these systems would be expected to promote
protein aggregation and inclusion body formation, as in the case of affected neurons in the PD
brain where LBs occur.

Figure 1. Schematic depiction of the collaboration among the chaperone, ubiquitin-proteasome and autophagy sys‐
tems in the maintenance of intracellular protein homeostasis.

3. Biogenesis of Lewy bodies – An aggresome-related process reflecting
failed autophagy?

As mentioned earlier, α-synuclein is a major component of LBs, suggesting that aberrant
α-synuclein homeostasis contributes to the biogenesis of these inclusion bodies in the PD
brain. The presynaptic terminal-enriched α-synuclein protein is an interesting molecule in
that  it  is  typically unfolded (or  intrinsically disordered) in its  native state,  although the
protein is extremely sensitive to its environment and can be moulded into an assortment
of  structurally  unrelated  conformations  including  a  fibrillization-prone  partially  folded
structure as well as various α-helical and β-sheet species occurring in both monomeric and
oligomeric states (Uversky, 2007). Along with this conformation flexibility, α-synuclein also
tends  to  misfold  and  becomes  aggregated  in  the  process.  PD-associated  mutations,
including missense  substitutions  (A53T,  A30P and E46K),  duplication or  triplication are
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known to enhance α-synuclein accumulation and aggregation (Giasson et al., 1999; Narhi
et al., 1999; Conway et al., 2000; Uversky, 2007). Further, several groups have demonstrat‐
ed in different experimental models that various exogenous neurotoxicants linked to PD,
including pesticides, herbicides and metal ions, significantly accelerate the aggregation of
α-synuclein  (Manning-Bog  et  al.,  2002;  Uversky  et  al.,  2002;  Sherer  et  al.,  2003).  Not
surprisingly,  α-synuclein  accumulation  and aggregation  can  lead  to  impairments  of  the
chaperone  and  UPS  systems  [For  a  recent  review,  see  (Tan  et  al.,  2009)].  Under  such
conditions, the isolation of α-synuclein aggregates into an aggresome would represent an
alternative way by which the protein could be cleared, i.e. via autophagy. Indeed, emerging
evidence suggest that LB biogenesis may be an aggresome-related process (Olanow et al.,
2004). Because the protofibrillar, oligomeric forms of α-synuclein are thought to be more
toxic  than  fibrillar,  aggregated  α-synuclein  species,  aggresome  formation  may  also  be
regarded as a “protective” response that serves as a trap to immobilize soluble toxic forms
of  α-synuclein.  However,  this  process  has  to  be  coupled  to  the  active  removal  of  the
aggresomes by autophagy, as the unregulated growth of an inclusion body could conceiv‐
ably affect cellular functions, physically or otherwise.

The  relevance  of  aggresome  formation  to  LB  biogenesis  in  PD  is  exemplified  by  their
striking similarities to each other in terms of structural organization, protein composition
and intracellular localization (Olanow et al., 2004). For example, aggresome-related proteins
such as γ-tubulin and HDAC6 can be found in LB (Table 1). HDAC6 plays an important
role during aggresome formation by facilitating the retrograde transport of ubiquitinated
misfolded proteins along the microtubule network to the γ-tubulin-positive MTOC by the
dynein motor complex (Kawaguchi et al.,  2003). Moreover, LBs are also immunopositive
for p62 and NBR1, which are autophagy adapter proteins capable of binding to ubiquitinat‐
ed substrates and the autophagosome protein LC3 (Bjorkoy et al., 2005; Pankiv et al., 2007;
Kirkin et al., 2009). By virtue of this binding property, p62 and NBR1 may provide a link
between  aggresome-related  proteins  and  their  clearance  by  the  autophagy  machinery.
Interestingly,  all  the  three  ubiquitin-binding  autophagy  receptors,  i.e.  p62,  HDAC6 and
NBR1, show preference for K63-linked polyubiquitin chains (Olzmann et al., 2007; Tan et
al.,  2008a;  Kirkin  et  al.,  2009),  suggesting  that  this  form of  ubiquitin  modification  may
underlie the formation as well  as autophagic degradation of  protein aggregates.  Consis‐
tent with this, we found that K63-linked ubiquitination promotes the formation of inclusion
bodies associated with PD and other neurodegenerative diseases and importantly, acts as
a cargo selection signal for their subsequent removal by autophagy (Tan et al., 2008a; Tan
et al.,  2008b). As per our original proposal (Lim et al.,  2006), it is tempting to think that
the cell may switch to an alternative, proteasome-independent form of ubiquitination under
conditions of proteasome-related stress that could help divert  cargo proteins away from
an  otherwise  overloaded  proteasome.  All  these  would  culminate  to  the  ultimate  clear‐
ance of these proteins by autophagy (Fig. 1).

What remains curious about LB biogenesis  is  that  it  apparently takes place in the pres‐
ence of constitutive autophagy, which is a characteristic of post-mitotic neurons (Wong and
Cuervo, 2010). Moreover, α-synuclein is itself a substrate for autophagy (Webb et al., 2003).
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Accordingly, aberrations in one or more of these systems would be expected to promote
protein aggregation and inclusion body formation, as in the case of affected neurons in the PD
brain where LBs occur.

Figure 1. Schematic depiction of the collaboration among the chaperone, ubiquitin-proteasome and autophagy sys‐
tems in the maintenance of intracellular protein homeostasis.

3. Biogenesis of Lewy bodies – An aggresome-related process reflecting
failed autophagy?

As mentioned earlier, α-synuclein is a major component of LBs, suggesting that aberrant
α-synuclein homeostasis contributes to the biogenesis of these inclusion bodies in the PD
brain. The presynaptic terminal-enriched α-synuclein protein is an interesting molecule in
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protein is extremely sensitive to its environment and can be moulded into an assortment
of  structurally  unrelated  conformations  including  a  fibrillization-prone  partially  folded
structure as well as various α-helical and β-sheet species occurring in both monomeric and
oligomeric states (Uversky, 2007). Along with this conformation flexibility, α-synuclein also
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known to enhance α-synuclein accumulation and aggregation (Giasson et al., 1999; Narhi
et al., 1999; Conway et al., 2000; Uversky, 2007). Further, several groups have demonstrat‐
ed in different experimental models that various exogenous neurotoxicants linked to PD,
including pesticides, herbicides and metal ions, significantly accelerate the aggregation of
α-synuclein  (Manning-Bog  et  al.,  2002;  Uversky  et  al.,  2002;  Sherer  et  al.,  2003).  Not
surprisingly,  α-synuclein  accumulation  and aggregation  can  lead  to  impairments  of  the
chaperone  and  UPS  systems  [For  a  recent  review,  see  (Tan  et  al.,  2009)].  Under  such
conditions, the isolation of α-synuclein aggregates into an aggresome would represent an
alternative way by which the protein could be cleared, i.e. via autophagy. Indeed, emerging
evidence suggest that LB biogenesis may be an aggresome-related process (Olanow et al.,
2004). Because the protofibrillar, oligomeric forms of α-synuclein are thought to be more
toxic  than  fibrillar,  aggregated  α-synuclein  species,  aggresome  formation  may  also  be
regarded as a “protective” response that serves as a trap to immobilize soluble toxic forms
of  α-synuclein.  However,  this  process  has  to  be  coupled  to  the  active  removal  of  the
aggresomes by autophagy, as the unregulated growth of an inclusion body could conceiv‐
ably affect cellular functions, physically or otherwise.

The  relevance  of  aggresome  formation  to  LB  biogenesis  in  PD  is  exemplified  by  their
striking similarities to each other in terms of structural organization, protein composition
and intracellular localization (Olanow et al., 2004). For example, aggresome-related proteins
such as γ-tubulin and HDAC6 can be found in LB (Table 1). HDAC6 plays an important
role during aggresome formation by facilitating the retrograde transport of ubiquitinated
misfolded proteins along the microtubule network to the γ-tubulin-positive MTOC by the
dynein motor complex (Kawaguchi et al.,  2003). Moreover, LBs are also immunopositive
for p62 and NBR1, which are autophagy adapter proteins capable of binding to ubiquitinat‐
ed substrates and the autophagosome protein LC3 (Bjorkoy et al., 2005; Pankiv et al., 2007;
Kirkin et al., 2009). By virtue of this binding property, p62 and NBR1 may provide a link
between  aggresome-related  proteins  and  their  clearance  by  the  autophagy  machinery.
Interestingly,  all  the  three  ubiquitin-binding  autophagy  receptors,  i.e.  p62,  HDAC6 and
NBR1, show preference for K63-linked polyubiquitin chains (Olzmann et al., 2007; Tan et
al.,  2008a;  Kirkin  et  al.,  2009),  suggesting  that  this  form of  ubiquitin  modification  may
underlie the formation as well  as autophagic degradation of  protein aggregates.  Consis‐
tent with this, we found that K63-linked ubiquitination promotes the formation of inclusion
bodies associated with PD and other neurodegenerative diseases and importantly, acts as
a cargo selection signal for their subsequent removal by autophagy (Tan et al., 2008a; Tan
et al.,  2008b). As per our original proposal (Lim et al.,  2006), it is tempting to think that
the cell may switch to an alternative, proteasome-independent form of ubiquitination under
conditions of proteasome-related stress that could help divert  cargo proteins away from
an  otherwise  overloaded  proteasome.  All  these  would  culminate  to  the  ultimate  clear‐
ance of these proteins by autophagy (Fig. 1).

What remains curious about LB biogenesis  is  that  it  apparently takes place in the pres‐
ence of constitutive autophagy, which is a characteristic of post-mitotic neurons (Wong and
Cuervo, 2010). Moreover, α-synuclein is itself a substrate for autophagy (Webb et al., 2003).
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Although α-synuclein can also be degraded by the proteasome, the aggregates of which
appear to be preferentially cleared by the autophagy system (Petroi et al.,  2012). Consis‐
tent with this,  autophagy is recruited as the primary removal system in transgenic mice
over-expressing oligomeric species of α-synuclein (Ebrahimi-Fakhari et al., 2011). Further,
the  protein  can  also  be  removed  via  chaperone-mediated  autophagy  (CMA),  a  special‐
ized form of lysosomal degradation by which proteins containing a particular pentapep‐
tide motif related to KFERQ are transported across the lysosomal membrane via the action
of  the  integral  membrane  protein  LAMP-2A  and  both  cytosolic  and  lumenal  hsc70
(Klionsky  et  al.,  2011).  Notably,  the  intralysosomal  level  of  α-synuclein  is  significantly
increased  along  with  LAMP-2A and hsc70  in  mice  treated  with  the  herbicide  paraquat
(which induces parkinsonism) or expressing α-synuclein as a transgene (Mak et al., 2010).
Thus in theory, the level of α-synuclein, whether present as soluble or aggregated species,
should be effectively managed in neurons under normal conditions or even when they are
undergoing stress. Indeed, even in the PD brain, LB takes a significant length of time to
develop. Given this, and that the autophagy system arguably represents the final line of
cellular  defense against  the buildup of  protein aggregates,  the simplest  explanation that
could account for the presence of LB in PD is that the autophagy system has either become
suboptimal in its function or is otherwise impaired altogether during the disease pathogen‐
esis process.

4. Autophagy and PD

Morphological evidence of autophagic vacuole (AV) accumulation is certainly evident in PD
as well as in several other neurodegenerative disorders (Anglade et al., 1997). However,
whether the phenomenon represents attempts by the neuron to clean up its cobwebs of
aggregated proteins, or a prelude to cell death, or simply a failure in AV consumption remains
poorly understood. Notwithstanding this, two elegant studies conducted in 2006 aptly
illustrated the importance of competent autophagy function to neuronal homeostasis (Hara et
al., 2006; Komatsu et al., 2006). By means of targeted genetic disruption of essential components
of the autophagy process (Atg5 or Atg7), these studies demonstrated that ablation of autoph‐
agy function in neural cells of mice results in extensive neurodegeneraion that is accompanied
by widespread inclusion pathology, suggesting that autophagy failure can precipitate protein
aggregation and subsequent cell death in affected neurons.

Supporting a role for failed autophagy in PD in the face of α-synuclein accumulation, α-
synuclein was recently demonstrated to inhibit  autophagy when over-expressed, both in
vitro  and in vivo  (Winslow et al.,  2010).  The inhibition apparently occurs at a very early
stage of autophagosome formation, which is likely a result of disrupted localization and
mobilization of  Atg9,  a  multi-spanning membrane protein whose associated vesicles  are
important sources of membranes for the synthesis of early autophagosomes (Yamamoto et
al.,  2012).  Interesting,  the  reverse,  i.e.  autophagy  enhancement,  was  observed  when  α-
synuclein is  depleted via  RNAi-mediated knockdown (Winslow et  al.,  2010),  suggesting
that  the protein might play a regulatory role  in the synthesis  of  autophagosome.  More‐
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over,  targeted  disruption  of  autophagy  (via  Atg7  deletion)  in  midbrain  dopaminergic
neurons  results  in  abnormal  presynaptic  accumulation  of  α-synuclein  that  is  accompa‐
nied by dendritic and axonal dystrophy, reduced striatal DA content,  and the formation
of somatic and dendritic ubiquitinated inclusions (Friedman et al.,  2012). Significant age-
dependent loss of nigral dopaminergic neurons were also recorded in these Atg7 condition‐
ally knockout mice (Atg7-cKOTH), with 9 month old Atg7-cKOTH mice exhibiting about 40%
reduction  in  the  number  of  SN  neurons  that  is  accompanied  by  markedly  decreased
spontaneous motor activity and coordination relative to controls  (Friedman et  al.,  2012).
Together,  these results  suggest  that  failure in autophagy function precipitates inclusions
formation in dopaminergic neurons that leads to their demise.

Besides macroautophagy, α-synuclein can also affect the function of CMA. For example,
disease-associated  α-synuclein  mutants  bind  to  the  CMA  lysosomal  receptor  with  high
affinity but are poorly translocated, resulting in the blockage of uptake and degradation
of CMA substrates (Cuervo et al.,  2004). The increase in cytosolic α-synuclein levels that
ensued could favour its aggregation and concomitantly, amplify the burden of misfolded
protein load for the cell. Interestingly, DA modification of α-synuclein also impairs CMA-
mediated degradation by a similar mechanism (Martinez-Vicente et al., 2008). In this case,
membrane-bound DA-α-synuclein monomers appear to seed the formation of oligomeric
complexes, which consequently placed the translocation complex under siege. Consistent
with  this,  CMA inhibition  following  L-DOPA treatment  is  more  pronounced  in  ventral
midbrain  cultures  containing  dopaminergic  neurons  than  in  non-DA producing  cortical
neurons.  Importantly,  α-synuclein  appears  to  be  the  principal  mediator  of  DA-induced
blockage of  CMA, as  ventral  midbrain  cultures  derived from α-synuclein  null  mice  are
relatively spared from the inhibitory effects of DA on CMA (Martinez-Vicente et al., 2008).
More  recently,  Malkus  and  Ischiropoulos  demonstrated  that  CMA activity  in  the  adult
brain of A53T α-synuclein-expressing transgenic mice varies across different regions, with
brain  regions  vulnerable  to  α-synuclein  aggregation  displaying  marked  deficiencies  in
CMA  (Malkus  and  Ischiropoulos,  2012).  Their  results  support  an  integral  role  for  the
lysosome  in  maintaining  α-synuclein  homeostasis  and  at  the  same  time,  provides  an
explanation to why certain brain regions are vulnerable to inclusion formation and cellular
dysfunction while others are spared.

Perhaps the most direct evidence linking lysosomal dysfunction to PD is the demonstration
that loss-of-function mutations in a gene encoding for the lysosomal P-type ATPase named
ATP13A2 cause a juvenile and early-onset form of parkinsonism that is also characterized by
pyramidal degeneration and dementia (Ramirez et al., 2006). In patient-derived fibroblasts as
well as in ATP13A2-silenced primary mouse neurons, deficient ATPase function results in
impaired lysosomal degradation capacity that concomitantly enhanced the accumulation and
toxicity of α-synuclein (Usenovic et al., 2012). Importantly, silencing of endogenous α-
synuclein ameliorated the toxicity in neurons depleted of ATP13A2, suggesting that ATP13A2-
induced parkinsonism may be contributed by α-synuclein accumulation amid functional
impairments of the lysosome. Supporting this, overexpression of wild type ATP13A2 sup‐
presses α-synuclein-mediated toxicity in C. elegans while knockdown of ATP13A2 expression
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cellular  defense against  the buildup of  protein aggregates,  the simplest  explanation that
could account for the presence of LB in PD is that the autophagy system has either become
suboptimal in its function or is otherwise impaired altogether during the disease pathogen‐
esis process.

4. Autophagy and PD

Morphological evidence of autophagic vacuole (AV) accumulation is certainly evident in PD
as well as in several other neurodegenerative disorders (Anglade et al., 1997). However,
whether the phenomenon represents attempts by the neuron to clean up its cobwebs of
aggregated proteins, or a prelude to cell death, or simply a failure in AV consumption remains
poorly understood. Notwithstanding this, two elegant studies conducted in 2006 aptly
illustrated the importance of competent autophagy function to neuronal homeostasis (Hara et
al., 2006; Komatsu et al., 2006). By means of targeted genetic disruption of essential components
of the autophagy process (Atg5 or Atg7), these studies demonstrated that ablation of autoph‐
agy function in neural cells of mice results in extensive neurodegeneraion that is accompanied
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aggregation and subsequent cell death in affected neurons.

Supporting a role for failed autophagy in PD in the face of α-synuclein accumulation, α-
synuclein was recently demonstrated to inhibit  autophagy when over-expressed, both in
vitro  and in vivo  (Winslow et al.,  2010).  The inhibition apparently occurs at a very early
stage of autophagosome formation, which is likely a result of disrupted localization and
mobilization of  Atg9,  a  multi-spanning membrane protein whose associated vesicles  are
important sources of membranes for the synthesis of early autophagosomes (Yamamoto et
al.,  2012).  Interesting,  the  reverse,  i.e.  autophagy  enhancement,  was  observed  when  α-
synuclein is  depleted via  RNAi-mediated knockdown (Winslow et  al.,  2010),  suggesting
that  the protein might play a regulatory role  in the synthesis  of  autophagosome.  More‐
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over,  targeted  disruption  of  autophagy  (via  Atg7  deletion)  in  midbrain  dopaminergic
neurons  results  in  abnormal  presynaptic  accumulation  of  α-synuclein  that  is  accompa‐
nied by dendritic and axonal dystrophy, reduced striatal DA content,  and the formation
of somatic and dendritic ubiquitinated inclusions (Friedman et al.,  2012). Significant age-
dependent loss of nigral dopaminergic neurons were also recorded in these Atg7 condition‐
ally knockout mice (Atg7-cKOTH), with 9 month old Atg7-cKOTH mice exhibiting about 40%
reduction  in  the  number  of  SN  neurons  that  is  accompanied  by  markedly  decreased
spontaneous motor activity and coordination relative to controls  (Friedman et  al.,  2012).
Together,  these results  suggest  that  failure in autophagy function precipitates inclusions
formation in dopaminergic neurons that leads to their demise.

Besides macroautophagy, α-synuclein can also affect the function of CMA. For example,
disease-associated  α-synuclein  mutants  bind  to  the  CMA  lysosomal  receptor  with  high
affinity but are poorly translocated, resulting in the blockage of uptake and degradation
of CMA substrates (Cuervo et al.,  2004). The increase in cytosolic α-synuclein levels that
ensued could favour its aggregation and concomitantly, amplify the burden of misfolded
protein load for the cell. Interestingly, DA modification of α-synuclein also impairs CMA-
mediated degradation by a similar mechanism (Martinez-Vicente et al., 2008). In this case,
membrane-bound DA-α-synuclein monomers appear to seed the formation of oligomeric
complexes, which consequently placed the translocation complex under siege. Consistent
with  this,  CMA inhibition  following  L-DOPA treatment  is  more  pronounced  in  ventral
midbrain  cultures  containing  dopaminergic  neurons  than  in  non-DA producing  cortical
neurons.  Importantly,  α-synuclein  appears  to  be  the  principal  mediator  of  DA-induced
blockage of  CMA, as  ventral  midbrain  cultures  derived from α-synuclein  null  mice  are
relatively spared from the inhibitory effects of DA on CMA (Martinez-Vicente et al., 2008).
More  recently,  Malkus  and  Ischiropoulos  demonstrated  that  CMA activity  in  the  adult
brain of A53T α-synuclein-expressing transgenic mice varies across different regions, with
brain  regions  vulnerable  to  α-synuclein  aggregation  displaying  marked  deficiencies  in
CMA  (Malkus  and  Ischiropoulos,  2012).  Their  results  support  an  integral  role  for  the
lysosome  in  maintaining  α-synuclein  homeostasis  and  at  the  same  time,  provides  an
explanation to why certain brain regions are vulnerable to inclusion formation and cellular
dysfunction while others are spared.

Perhaps the most direct evidence linking lysosomal dysfunction to PD is the demonstration
that loss-of-function mutations in a gene encoding for the lysosomal P-type ATPase named
ATP13A2 cause a juvenile and early-onset form of parkinsonism that is also characterized by
pyramidal degeneration and dementia (Ramirez et al., 2006). In patient-derived fibroblasts as
well as in ATP13A2-silenced primary mouse neurons, deficient ATPase function results in
impaired lysosomal degradation capacity that concomitantly enhanced the accumulation and
toxicity of α-synuclein (Usenovic et al., 2012). Importantly, silencing of endogenous α-
synuclein ameliorated the toxicity in neurons depleted of ATP13A2, suggesting that ATP13A2-
induced parkinsonism may be contributed by α-synuclein accumulation amid functional
impairments of the lysosome. Supporting this, overexpression of wild type ATP13A2 sup‐
presses α-synuclein-mediated toxicity in C. elegans while knockdown of ATP13A2 expression
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promotes the accumulation of misfolded α-synuclein in the animal (Rappley et al., 2009).
Together, these studies demonstrate a functional link between ATP13A2-related lysosomal
dysfunction and α-synuclein in promoting neurodegeneration.

Besides α-synuclein and ATP13A2, several other PD-linked genes have also been associated
directly or indirectly with the autophagic process. For example, emerging evidence suggest
that mutations in LRRK2 promote dysregulation in autophagy, although the role of LRRK2 in
controlling autophagy-lysosome pathway is likely to be complex (discussed further in section
6). In the case of parkin, which has the ability to promote K63-linked ubiquitination, we and
others have shown that the ubiquitin ligase is involved in aggresome formation and thereby
their removal via autophagy (at least indirectly) (Lim et al., 2005; Olzmann et al., 2007).
Consistent with its role as an “aggresome-promoter”, parkin-related cases are frequently
(although not exclusively) devoid of classic LBs, as revealed by a number of autopsy studies
(Takahashi et al., 1994; Mori et al., 1998; Hayashi et al., 2000). In recent years, the attention to
parkin-autophagy axis has however shifted towards its ability to remove damaged mitochon‐
dria via a specialized form of autophagy known as “mitophagy”, a term originally coined by
Lemasters (Lemasters, 2005). Accordingly, impairment in mitochondrial quality control due
to failed mitophagy in parkin-deficient neurons is now thought to be a key mechanism that
predisposes them to degeneration.

5. Mitophagy and PD

A role for mitochondria dysfunction in the pathogenesis of PD has long been appreciated.
Through post-mortem analysis performed as early as 1989, several groups have recorded a
significant reduction in the activity of mitochondrial complex I as well as ubiquinone (co-
enzyme Q10) in the SN of PD brains (Schapira et al., 1989; Shults et al., 1997; Keeney et al.,
2006). Moreover, mitochondrial poisoning recapitulates PD features in humans and represents
a popular strategy to model the disease in animals (Dauer and Przedborski, 2003). Similarly,
impairment of mitochondrial homeostasis via genetic ablation of TFAM, a mitochondrial
transcription factor, in dopaminergic neurons of mice (named MitoPark mouse) results in
energy crisis and neurodegeneration (Sterky et al., 2011).

Rather than being solitary and static structures as depicted in many textbooks, mitochondria
are now recognized to be dynamic and mobile organelles that constantly undergo membrane
remodeling through repeated cycles of fusion and fission as well as regulated turnover via
mitophagy. These processes help to maintain a steady pool of healthy mitochondrial essential
for energy production and beyond (e.g. calcium homeostasis). Following the seminal discovery
by Youle group that identified parkin as a key mammalian regulator of mitophagy (Narendra
et al., 2008), intensive research is now focused on elucidating the precise mechanism under‐
lying parkin-mediated mitophagy and whether impaired clearance of damaged mitochondria
may trigger the demise of dopaminergic neurons in the PD brain.

Mechanistically, the picture regarding parkin-mediated mitophagy that has emerged thus far
is depicted in Figure 2.
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Figure 2. Model of Parkin/PINK1-mediated mitophagy

In this model, another PD-linked gene known as PINK1, which is a mitochondrial serine/
threonine kinase, collaborate closely with parkin to bring about the mitophagy process. Briefly,
a key initial event that occurs upon mitochondrial depolarization is the selective accumulation
of PINK1 in the outer membrane of the damaged organelle. Normally, PINK1 accumulation
in healthy mitochondria is prevented by the sequential proteolytic actions of mitochondrial
processing peptidase (MPP) and presenilin-associated rhomboid-like protease (PARL) that
rapidly cleaves the protein to generate an unstable 53 kDa PINK1 species that is usually
degraded by the proteasome or by an unknown “proteasome-like” protease (Becker et al.,
2012; Greene et al., 2012). In depolarized mitochondria, PINK1 stabilization on the outer
membrane enables the protein to recruit parkin to the organelle, a process that is apparently
dependent on PINK1 autophosphorylation at Ser228 and Ser402 (Okatsu et al., 2012). Once
recruited onto the mitochondria, parkin becomes activated and promotes the ubiquitination
and subsequent degradation of many outer membrane proteins (Chan et al., 2011; Yoshii et
al., 2011) including the pro-fusion mitofusin proteins (Poole et al., 2010; Ziviani et al., 2010),
the elimination of which is thought to prevent unintended fusion events involving damaged
mitochondria and thereby their re-entry into undamaged mitochondrial network from
occurring. Mitophagy induction then occurs, which likely involves parkin-mediated K63
ubiquitination that will help recruit the autophagy adaptors HDAC6 and p62 that subse‐
quently lead to mitochondrial clustering around the peri-nucleus region. By virtue of their
association with the autophagy process, the concerted actions of p62 and HDAC6 will
presumably facilitate the final removal of damaged mitochondria by the lysosome (Ding et al.,
2010; Geisler et al., 2010; Lee et al., 2010). However, a recent study from Mizushima’s lab
revealed that the initial cargo recognition step of mitophagy does not involves the interaction
between LC3 and the adaptor molecules. Rather, parkin recruitment on the mitochondria
induces the formation of ULK1 (Atg1) puncta and Atg9 structures (Itakura et al., 2012). Because
ULK1 complex functions as an essential upstream nucleation step of the hierachical autophagy
cascade, their results suggest that mitophagosome is generated in a de novo fashion on
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Together, these studies demonstrate a functional link between ATP13A2-related lysosomal
dysfunction and α-synuclein in promoting neurodegeneration.

Besides α-synuclein and ATP13A2, several other PD-linked genes have also been associated
directly or indirectly with the autophagic process. For example, emerging evidence suggest
that mutations in LRRK2 promote dysregulation in autophagy, although the role of LRRK2 in
controlling autophagy-lysosome pathway is likely to be complex (discussed further in section
6). In the case of parkin, which has the ability to promote K63-linked ubiquitination, we and
others have shown that the ubiquitin ligase is involved in aggresome formation and thereby
their removal via autophagy (at least indirectly) (Lim et al., 2005; Olzmann et al., 2007).
Consistent with its role as an “aggresome-promoter”, parkin-related cases are frequently
(although not exclusively) devoid of classic LBs, as revealed by a number of autopsy studies
(Takahashi et al., 1994; Mori et al., 1998; Hayashi et al., 2000). In recent years, the attention to
parkin-autophagy axis has however shifted towards its ability to remove damaged mitochon‐
dria via a specialized form of autophagy known as “mitophagy”, a term originally coined by
Lemasters (Lemasters, 2005). Accordingly, impairment in mitochondrial quality control due
to failed mitophagy in parkin-deficient neurons is now thought to be a key mechanism that
predisposes them to degeneration.

5. Mitophagy and PD

A role for mitochondria dysfunction in the pathogenesis of PD has long been appreciated.
Through post-mortem analysis performed as early as 1989, several groups have recorded a
significant reduction in the activity of mitochondrial complex I as well as ubiquinone (co-
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for energy production and beyond (e.g. calcium homeostasis). Following the seminal discovery
by Youle group that identified parkin as a key mammalian regulator of mitophagy (Narendra
et al., 2008), intensive research is now focused on elucidating the precise mechanism under‐
lying parkin-mediated mitophagy and whether impaired clearance of damaged mitochondria
may trigger the demise of dopaminergic neurons in the PD brain.
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is depicted in Figure 2.

Autophagy - A Double-Edged Sword - Cell Survival or Death?360

Figure 2. Model of Parkin/PINK1-mediated mitophagy

In this model, another PD-linked gene known as PINK1, which is a mitochondrial serine/
threonine kinase, collaborate closely with parkin to bring about the mitophagy process. Briefly,
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of PINK1 in the outer membrane of the damaged organelle. Normally, PINK1 accumulation
in healthy mitochondria is prevented by the sequential proteolytic actions of mitochondrial
processing peptidase (MPP) and presenilin-associated rhomboid-like protease (PARL) that
rapidly cleaves the protein to generate an unstable 53 kDa PINK1 species that is usually
degraded by the proteasome or by an unknown “proteasome-like” protease (Becker et al.,
2012; Greene et al., 2012). In depolarized mitochondria, PINK1 stabilization on the outer
membrane enables the protein to recruit parkin to the organelle, a process that is apparently
dependent on PINK1 autophosphorylation at Ser228 and Ser402 (Okatsu et al., 2012). Once
recruited onto the mitochondria, parkin becomes activated and promotes the ubiquitination
and subsequent degradation of many outer membrane proteins (Chan et al., 2011; Yoshii et
al., 2011) including the pro-fusion mitofusin proteins (Poole et al., 2010; Ziviani et al., 2010),
the elimination of which is thought to prevent unintended fusion events involving damaged
mitochondria and thereby their re-entry into undamaged mitochondrial network from
occurring. Mitophagy induction then occurs, which likely involves parkin-mediated K63
ubiquitination that will help recruit the autophagy adaptors HDAC6 and p62 that subse‐
quently lead to mitochondrial clustering around the peri-nucleus region. By virtue of their
association with the autophagy process, the concerted actions of p62 and HDAC6 will
presumably facilitate the final removal of damaged mitochondria by the lysosome (Ding et al.,
2010; Geisler et al., 2010; Lee et al., 2010). However, a recent study from Mizushima’s lab
revealed that the initial cargo recognition step of mitophagy does not involves the interaction
between LC3 and the adaptor molecules. Rather, parkin recruitment on the mitochondria
induces the formation of ULK1 (Atg1) puncta and Atg9 structures (Itakura et al., 2012). Because
ULK1 complex functions as an essential upstream nucleation step of the hierachical autophagy
cascade, their results suggest that mitophagosome is generated in a de novo fashion on
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damaged mitochondria. Autophagosomal LC3 is however important for the efficient incor‐
poration of damaged mitochondria into the autophagosome at a later stage. Notwithstanding
this, how parkin participates in the de novo synthesis of isolation membrane awaits further
clarifications. Interestingly, the whole mitophagy process bears striking resemblance to the
formation and autophagic clearance of aggresomes. Indeed, we have termed the mitochondrial
clustering phenomenon as (formation of) “mito-aggresomes” (Lee et al., 2010). Importantly,
several groups, including ours, have demonstrated that PD-associated parkin mutants are
defective in supporting mitophagy due to distinct problem at recognition, transportation or
ubiquitination of impaired mitochondria (Lee et al., 2010; Matsuda et al., 2010), thereby
implicating dysfunctional mitophagy in the development of parkin-related parkinsonism.

Given the pivotal role of parkin/PINK1 pathway in mitochondrial quality control, it is perhaps
not surprising to note that deficiency in parkin or PINK1 function results in the accumulation
of abnormal mitochondria in several parkin/PINK1-related PD models. This defect is perhaps
most prominently observed in Drosophila parkin or PINK1 mutants, especially in their flight
musculature, which is plagued by pronounced mitochondrial lesions and muscle degeneration
(Greene et al., 2003; Clark et al., 2006; Park et al., 2006; Wang et al., 2007). Importantly, parkin
over expression in pink1-/- flies significantly ameliorates all the mutant phenotypes, although
the reverse, does not happen, i.e. pink1 over expression in parkin null flies does not compensate
for the loss of parkin function. These results suggest that parkin acts in the same pathway but
downstream of pink1 (Clark et al., 2006; Park et al., 2006). The hierachy is consistent with the
proposed model of parkin/PINK1 pathway in the regulation of mitochondrial quality control,
although parkin in this case can apparently do the job in the complete absence of pink1.
Notably, several other studies also suggested that mitophagy can take place in a PINK1-
deficient background (Dagda et al., 2009; Cui et al., 2010; Dagda et al., 2011). Conversely, Seibler
and colleagues found PINK1 to be essential for parkin-mediated mitophagy. They demon‐
strated that parkin recruitment to depolarized mitochondria is impaired in human dopami‐
nergic neurons derived via the induced pluripotent stem cells route from PINK1-related PD
patients, a defect that can be rescued by the re-introduction of wild-type PINK1 into PINK1-
deficient neurons (Seibler et al., 2011).

As with the case with virtually all the biological models initially proposed, the parkin/PINK1
mitophagy model is currently less than perfect and clearly needs be continually updated with
each new piece of significant data. The relevance of mitophagy to sporadic PD is also debatable,
although we and others have previously shown that parkin dysfunction (presumably trigger‐
ing mitophagy deficiency) may also underlie the pathogenesis of sporadic PD (Pawlyk et al.,
2003; LaVoie et al., 2005; Wang et al., 2005a). Perhaps one of most challenging tasks at hand is
to demonstrate unequivocally that mitophagy impairment, instead of a generalized impair‐
ment in the autophagy process, contributes directly to neurodegeneration in vivo. This would
require the genetic differentiation of targeted components that are exclusively involved in
mitophagy. Currently, key components of mitophagy and autophagy tend to overlap. Even
parkin appear to subserve both types of autophagy processes (and more). Thus, although
mitochondrial quality control is invariably important for neuronal survival, whether failure
in the removal of damaged mitochondria is in itself a driver of disease pathogenesis or is a
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consequence of a progressive and general decline in autophagy function in the PD brain
remains to be clarified.

6. Autophagy induction as therapeutic strategy for PD?

If failure in autophagy function were to underlie PD pathogenesis, it follows intuitively that
stimulation of autophagy in the PD brain might be beneficial for the patient. Indeed, work
from Rubinsztein lab and others have demonstrated that autophagy enhancement promotes
beneficial outcomes in several experimental models of PD, supporting that such an approach
could represent a viable therapeutic strategy (Rubinsztein et al., 2012).

Notably, most neurodegenerative disease-associated proteins, including α-synuclein, that are
prone to aggregation are substrates of autophagy. Accordingly, pharmacological or genetic
enhancement of autophagy can in theory help remove these aggregation-prone proteins and
concomitantly reduce their associated toxicity. Rapamycin, an inducer of mTOR (mammalian
Target of Rapamycin), is widely established to be a potent autophagy inducer. Expectedly,
rapamycin treatment of cellular or animal models of α-synucleinopathies reduces the levels
of both soluble and aggregated species of α-synuclein in an autophagy-dependent manner
(Crews et al., 2010). Similarly, trehalose also accelerates the clearance of α-synuclein by means
of its ability to induce autophagy, albeit in an mTOR-independent manner (Sarkar et al.,
2007). Further, trehalose-treated cells are protected against subsequent pro-apoptotic insults.
Together, trehalose and rapamycin exert an additive effect in the clearance of aggregate-prone
proteins (Sarkar et al., 2007). Perhaps unsurprisingly, rapamycin can also rescue failed
mitophagy in parkin deficient cells and result in improved mitochondrial function (Siddiqui
et al., 2012), suggesting that generalized autophagy activation can help clean up all the cellular
“cobwebs” be it protein aggregates or damaged organelles. More recently, Steele and collea‐
gues showed that latrepirdine, a neuroactive compound associated with enhanced cognition
and neuroprotection, also stimulates the degradation of α-synuclein and concomitantly
protects against α-synuclein-induced toxicity in 3 model systems: yeast, differentiated SH-
SY5Y cells and wild type mouse (Steele et al., 2012). The beneficial effects of latrepirdine again
appear to be related to autophagy induction, as evident by the elevation of several autophagy
markers in mouse brain following chronic administration of the compound. Using a genetic
approach, Spencer and colleagues demonstrated via lentivirus-mediated gene transfer of
beclin 1, a key promoter of autophagy, that genetic enhancement of autophagy in α-synuclein
overexpressing mice ameliorates the synaptic and dendritic pathology in these transgenic
animals and reduces the accumulation of the protein in vivo (Spencer et al., 2009). Taken
together, these studies support the therapeutic applications of autophagy induction in PD,
particularly in preventing the accumulation of α-synuclein.

Notwithstanding the above promising findings regarding the protective effects of autoph‐
agy  induction,  it  is  important  to  recognize  that  autophagy induction  is  a  “double-edge
sword” that can cut both ways, i.e.  being protective or pro-death under different condi‐
tions. One therefore have to consider this caveat in considering autophagy induction as a
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nergic neurons derived via the induced pluripotent stem cells route from PINK1-related PD
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ment in the autophagy process, contributes directly to neurodegeneration in vivo. This would
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from Rubinsztein lab and others have demonstrated that autophagy enhancement promotes
beneficial outcomes in several experimental models of PD, supporting that such an approach
could represent a viable therapeutic strategy (Rubinsztein et al., 2012).

Notably, most neurodegenerative disease-associated proteins, including α-synuclein, that are
prone to aggregation are substrates of autophagy. Accordingly, pharmacological or genetic
enhancement of autophagy can in theory help remove these aggregation-prone proteins and
concomitantly reduce their associated toxicity. Rapamycin, an inducer of mTOR (mammalian
Target of Rapamycin), is widely established to be a potent autophagy inducer. Expectedly,
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of its ability to induce autophagy, albeit in an mTOR-independent manner (Sarkar et al.,
2007). Further, trehalose-treated cells are protected against subsequent pro-apoptotic insults.
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proteins (Sarkar et al., 2007). Perhaps unsurprisingly, rapamycin can also rescue failed
mitophagy in parkin deficient cells and result in improved mitochondrial function (Siddiqui
et al., 2012), suggesting that generalized autophagy activation can help clean up all the cellular
“cobwebs” be it protein aggregates or damaged organelles. More recently, Steele and collea‐
gues showed that latrepirdine, a neuroactive compound associated with enhanced cognition
and neuroprotection, also stimulates the degradation of α-synuclein and concomitantly
protects against α-synuclein-induced toxicity in 3 model systems: yeast, differentiated SH-
SY5Y cells and wild type mouse (Steele et al., 2012). The beneficial effects of latrepirdine again
appear to be related to autophagy induction, as evident by the elevation of several autophagy
markers in mouse brain following chronic administration of the compound. Using a genetic
approach, Spencer and colleagues demonstrated via lentivirus-mediated gene transfer of
beclin 1, a key promoter of autophagy, that genetic enhancement of autophagy in α-synuclein
overexpressing mice ameliorates the synaptic and dendritic pathology in these transgenic
animals and reduces the accumulation of the protein in vivo (Spencer et al., 2009). Taken
together, these studies support the therapeutic applications of autophagy induction in PD,
particularly in preventing the accumulation of α-synuclein.

Notwithstanding the above promising findings regarding the protective effects of autoph‐
agy  induction,  it  is  important  to  recognize  that  autophagy induction  is  a  “double-edge
sword” that can cut both ways, i.e.  being protective or pro-death under different condi‐
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therapeutic  strategy  for  PD.  Notably,  the  parkinsonian  neurotoxin  MPP+  that  induces
selective loss of dopaminergic neurons has been demonstrated by several groups to activate
autophagy  (Zhu et  al.,  2007;  Xilouri  et  al.,  2009;  Wong et  al.,  2011),  a  process  that  ap‐
pears to act through the dephosphorylation of LC3 (which enhances its recruitment into
autophagosomes) (Cherra et al., 2010) and/or CDK5-mediated phosphorylation of endophi‐
lin B1 (which promotes its dimerization and recruitment of the UVRAG/Beclin 1 complex
to induce autophagy) (Wong et al., 2011). In this case, autophagy induction is apparently
harmful to dopaminergic neurons. Moreover, stimulation of autophagy also contributes to
neuronal death induced by overexpression of α-synuclein (Xilouri et al., 2009). Converse‐
ly, inhibition of autophagy pharmacologically with 3-methylalanine (3-MA) or genetically
via Atg5 or Atg12 gene silencing significantly attenuates neuronal loss associated with MPP
+ treatment or mutant α-synuclein expression, as is the case with knockdown of CDK5 or
endophilin B1 (Wong et al.,  2011). Along these lines, we found that mutant α-synuclein-
associated toxicity is aggravated by the accumulation of iron, which act together to trigger
autophagic  cell  death.  The  toxicity  that  α-synuclein-iron  elicits  can  be  ameliorated  by
pharmacological  inhibition  of  autophagy  (Chew  et  al.,  2011).  Interestingly,  autophagy
activation  elicited  by  mutant  α-synuclein  overexpression  can  also  result  in  excessive
mitophagy and thereby unintended loss of mitochondria, which in turn promotes bioener‐
getics  deficit  and  neuronal  degeneration  (Choubey  et  al.,  2011).  Further  supporting  a
“pathological” role for autophagy, loss of DJ-1 function associated with recessive parkin‐
sonism has  been found to  increase  (instead of  decrease)  autophagic  flux,  although it  is
currently  unclear  how  this  relates  to  neuronal  death  in  the  context  of  DJ-1  deficiency
(Irrcher et al., 2010).

Finally, mutations in LRRK2, which currently represent the most prevalent genetic contributor
to PD, are also implicated in aberrant autophagy induction. For example, transgenic mice
expressing disease-associated LRRK2 mutants (R1441C and G2019S) frequently exhibit
increased incidence of autophagic vacuoles in their brain (Ramonet et al., 2011). Similarly, cells
expressing G2019S LRRK2 mutant show increase autophagosome content and autophagy-
dependent shortening of neurites (Plowey et al., 2008). Conversely, ablation of LRRK2 in mice
promotes impairment of the autophagy pathway as evident by the accumulation of p62,
lipofuscin granules, ubiquitinated proteins and α-synuclein-positive inclusions in their
kidneys (Tong et al., 2010). The relationship between LRRK2 and autophagy is however
complicated. For example, Gomez-Suaga and colleagues have recently demonstrated that
LRRK2-induced accumulation of autophagosome is related to the ability of the kinase to
activate a calcium-dependent protein kinase kinase-beta (CaMKK-beta)/adenosine mono‐
phosphate (AMP)-activated protein kinase (AMPK) pathway via modulation of NAADP-
dependent Ca2+ channel on lysosomal membrane (Gomez-Suaga et al., 2012). However, they
also detected at the same time a reduction in the acidification of lysosomes that can compromise
autophagosome turnover and thereby autophagy (Gomez-Suaga et al., 2012), suggesting that
autophagy is actually impaired rather than activated in LRRK2-expressing cells. Consistent
with this, another study revealed that the expression of LRRK2 R1441C mutant leads to
impaired autophagic balance that is characterized by AV accumulation containing incom‐
pletely degraded materials and increased levels of p62 (Alegre-Abarrategui et al., 2009).
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Accordingly, siRNA-mediated knockdown of LRRK2 expression results in increased auto‐
phagic activity and prevented cell death caused by inhibition of autophagy in starvation
conditions. Thus, the precise role of autophagy in LRRK2-related parkinsonism is anybody’s
guess at this moment, begging again caution in the proposed use of autophagy inducers as a
therapeutic recourse.

In a related development, we recently found that disease-associated LRRK2 G2019S mutant
can trigger marked mitochondrial abnormalities when overexpressed in Drosophila, a pheno‐
type that can be rescued by parkin co-expression (Ng et al., 2012). Given the role of parkin in
promoting mitophagy, it is tempting to speculate that the LRRK2 mutant may retard the
clearance of damaged mitochondria via mitophagy in the absence of parkin overexpression.
Indeed, the mitochondrial phenotype LRRK2 G2019S mutant induces in the flight muscle is
reminiscent of that brought about by the loss of parkin function. Alternatively, this could also
be a result of LRRK2-induced impairment in autophagy in general. Importantly, we further
found that pharmacological or genetic activation of AMPK can effectively compensate for
parkin deficiency to bring about a significant suppression of dopaminergic and mitochondrial
dysfunction in mutant LRRK2 flies (Ng et al., 2012). Our results suggest a neuroprotective role
for AMPK that might be related to mitophagy/autophagy modulation. AMPK is an evolutio‐
narily conserved cellular energy sensor that is activated by ATP depletion or glucose starvation
(Hardie, 2011). When activated, AMPK switches the cell from an anabolic to a catabolic mode
and in so doing, helps to regulate diverse cellular processes that impact on cellular energy
demands. Interestingly, like parkin, AMPK can also regulate mitophagy and also autophagy
through its ability to phosphorylate the autophagy initiator ATG1 (Egan et al., 2011; Kim et
al., 2011). Lending relevance to our findings, a recent report demonstrated that AMPK is
activated in mice treated with MPTP and that inhibition of AMPK function by compound C
enhances MPP(+)-induced cell death (Choi et al., 2010). More recently, a PD cohort-based study
revealed that Metformin-inclusive sulfonylurea therapy reduces the risk for the disease
occurring with Type 2 diabetes in a Taiwanese population (Wahlqvist et al., 2012). Metformin
is a direct activator of AMPK. Together, these findings suggest that AMPK activation may
protect against the development of PD, presumably via its ability to maintain energy balance
via the modulation of autophagy as well as a range of other cellular processes. Given that
caveats associated with direct autophagy induction, and that excessive autophagy can result
in energy crisis especially in the aged brain, perhaps AMPK activation, through its ability to
maintain both protein and energy homeostasis, would represent a better approach than direct
autophagy induction as a therapeutic strategy for PD.

7. Conclusion

In essence, the case for autophagy dysfunction as a contributor to the pathogenesis of PD is
rather compelling. As evident from the above discussion, virtually all the major PD-associated
gene products have some direct or indirect relationship with the autophagy-lysosome axis.
What is less clear is whether autophagy induction is neuroprotective or is a key driver of
neurodegeneration. One can envisage that the activation of autophagy may be beneficial in
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the short term (particularly when the induction is transient and timely), but deleterious when
it is becomes chronic or excessive. Finding the tipping autophagy threshold point between
neuroprotection and neurodegeneration would therefore be an important endeavour, the
clarification of which has important implications for the future development of autophagy-
related therapeutics for the PD patient.
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1. Introduction

Protein and organelle turnover is essential to maintain cellular homeostasis and survival.
Removing and recycling cell constituents is achieved by autophagy in all cells, including
neurons. Autophagy contributes to various physiological processes, such as intracellular
cleansing, cellular homeostasis, development, differentiation, longevity, tumor suppression,
elimination of invading pathogens, antigen transport to the innate and adaptative immune
systems, and counteracting endoplasmic reticulum (ER) stress and diseases characterized by
the accumulation of protein aggregates [1]. Autophagy plays a role in a number of infectious
and inflammatory diseases, in addition to protein unfolding and misfolding diseases that lead
to neuron, muscle and liver degeneration or heart failure [2-4]. Whereas autophagy has long
been defined as a form of non-apoptotic, programmed cell death [5], recent findings suggest
that autophagy functions primarily to sustain cells, and only defects in autophagy lead to cell
death [6].

2. Autophagy in neuronal physiology

Autophagy was initially identified and characterized in a few cell types including neurons.
The distinct vacuoles which feature this self-eating process were originally described at the
ultrastructural level [7, 8]. The formation of autophagosomes was associated with chromatol‐
ysis of a restricted neuroplasm area, free of organelles, but filled with various types of vesicles
[9]. The function of autophagy in mature neurons , however, is still debated. In comparison
with other organs, rodent brains show high expression levels of autophagy-related (Atg)
proteins and low levels of autophagy markers such as autophagosome number and LC3-II.
Indeed, even under prolonged fasting conditions, the number of autophagosomes does not
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increase in neurons, probably because their nutrient supply from peripheral organs is main‐
tained [10]. However, mice with CNS defects in their autophagic machinery exhibit neuro‐
logical deficits, such as abnormal limb-clasping reflexes, locomotor ataxia, and lack of motor
coordination, in addition to a significant loss of large pyramidal neurons in the cerebral cortex
and Purkinje cells (PCs) in the cerebellar cortex [11-13].

Macroautophagy (hereafter referred to as autophagy) is initiated when a portion of the
cytoplasm is sequestrated within a double-membrane organelle, the so-called autophagosome
[14]. The autophagic machinery has been extensively detailed at the molecular level in a
number of reviews including several chapters of this book [14-17]. Atg and several non-Atg
proteins have been identified as regulators of key steps leading to the degradation of cytosolic
components in lysosomes: initiation and nucleation of phagophores, expansion of autopha‐
gosomes, maturation of autophagosomes into amphisomes/autolysosomes, and execution of
autophagic degradation [18]. The endosomal sorting complex required for transport (ESCRT)
pathway functions in the sorting of transmembrane proteins into the inner vesicles of multi‐
vesicular bodies (MVB) during endocytosis. Also it is conceivably an essential part of the basal
autophagy process in neurons because ubiquitin- or p62/SQSTM1 (p62)-labelled inclusions
and autophagosomes accumulate in neurons deficient in ESCRT components [19]. Increasing
evidence suggests that autophagy is regulated in a cell type-specific manner and as such
autophagy may serve a distinct function in neurons and may show difference in the molecular
machinery underlying basal autophagy (Fig. 1).

2.1. Axonal autophagy

In neurons, autophagy occurs in axons, suggesting that it may be uniquely regulated in this
compartment and specifically adapted to local axonal physiology [20]. In primary dorsal root
ganglion neurons, autophagosomes initiate distally in nerve terminals and mature during their
transport toward the cell soma [21, 22]. In non-neuronal cells, the autophagosomal membrane
has multiple possible origins, including endocytosed plasma membrane (amphisome), ER,
mitochondria, and trans-Golgi membranes [18, 21, 23- 32]. In contrast, the origin of autopha‐
gosomes in the axons is likely to be restricted to the sources of membrane available in the
terminals such as smooth ER and plasma membrane [33, 34], excluding rough ER and Golgi
dictyosomes.

As observed in ultrastructural studies of axotomized neurons [9, 35], analysis of Purkinje cell
(PC) degeneration in lurcher mutant GluRδ2Lc [36] demonstrates autophagosomes in their
axonal compartment. In this study, an excitotoxic insult mediated by GluRδ2Lc triggered a
rapid and robust accumulation of autophagosomes in dystrophic axonal swellings providing
evidence that autophagy is induced in dystrophic terminals and that autophagosome biogen‐
esis occurs in axons [37]. The molecular scenario underlying the initiation of this axonal
autophagy is unclear. Liang et al. [38] suggested that autophagy in lurcher PCs could be directly
activated by an interaction between the postsynaptic GluRδ2Lc, nPIST and beclin 1 an important
regulator of autophagy. Nevertheless, how activation of this postsynaptic signaling pathway
in dendrites initiates autophagosome formation in axon compartments is uncertain. PC death
that is correlated with early signs of autophagy appears to be independent of depolarization
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in the heteroallelic mutant Lurcher/hotfoot bearing only one copy of the lurcher allele and no
wild-type GRID2 [39]. However, in the lurcher mutant bearing only one copy of the lurcher
allele and one copy of the wild-type GRID2 allele, the leaky channel of GluRδ2Lc depolarizes
the neuron and this could transduce an electrical signal to the distal ends causing rapid
physiological changes within axons. This effect combined with the local changes in postsy‐
naptic signaling in dendrites may promote autophagosome biogenesis [37, 40].

2.2. Microtubule-dependent dynamics of neuronal autophagy

Previous data indicate that autophagy is a microtubule-dependent process. In cultured
sympathetic neurons, autophagosomes formed in the distal ends of axon undergo retrograde
transport along microtubules to the cell body where lysosomes that are necessary for the
degradation step of autophagy are usually located [21]. Consistent with these observations,
prominent retrograde transport of GFP-LC3-labelled autophagosomes has been observed in
the axons of primary cerebellar granule cells [36]. In serum-deprived PC12 cells, autolysosomes
formed by fusion of autophagosomes with lysosomes move in both anterograde and retro‐

Figure 1. Physiological neuronal autophagy. Autophagy recycles synaptic components to sustain neuronal homeo‐
stasis and regulate synaptic plasticity and growth. 1. Autophagic degradation of organelles, synaptic vesicles and pro‐
teins. 2. ULK1-mediated autophagy of endocytosed NGF-bound TrkA receptors. 3. Dynein-mediated retrograde
transport of autophagosomes. 4. GluRδ2 activation of beclin 1-dependent autophagy via nPIST. 5. Targeting of post‐
synaptic receptors to autophagosomes via endocytosis. 6. Kinesin-dependent anterograde transport of autophago‐
somes. 7. Formation of autophagolysosomes by fusion of autophagosomes with lysosomes.
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grade directions in neurites, and this trafficking requires microtubules [41]. Furthermore, both
pharmacological and siRNA-based inhibition of directional microtubule motor proteins
kinesin and dynein partially block respectively, anterograde and retrograde neuritic transport
of autophagosomes, indicating that they participate in this transport. Recent observations in
primary dorsal root ganglionic neurons support a maturation model in which autophago‐
somes initiate distally, engulfing mitochondria and ubiquitinated cargo, and move bidirec‐
tionally along microtubules driven by bound anterograde kinesin and retrograde dynein
motors [22]. Fusion with late endosomes or lysosomes may then allow autophagosomes to
escape from the early distal pool by robust retrograde dynein-driven motility. The involvement
of the dynein-dynactin complex in the movement of autophagosomes along microtubules to
lysosomes has also been demonstrated in non-neuronal cells [42]. Consistent with the forma‐
tion of an autolysosomal compartment, autophagosomes increasingly acidify as they approach
the cell soma, thereby fueling the catalysis of the degradation of their engulfed contents. Fully
acidified autolysosomes undergo bidirectional motility suggesting reactivation of kinesin
motors [22, 41].

The interaction of the autophagic membrane marker Atg8/LC3 with the microtubule-associ‐
ated protein 1B (MAP1B) [43] implicates microtubule-dependent, axon-specific regulation of
autophagosomes. Overexpression of MAP1B in non-neuronal cells reduces the number of LC3-
associated autophagosomes without impairing autophagic degradation. The scarcity of LC3-
labelled autophagosomes in CNS neurons under normal conditions may be explained by their
high expression levels of MAP1B [10, 36]. By modifying microtubule function, the LC3-MAP1B
interaction has been proposed to accelerate the delivery of LC3-autophagosomes to lysosomes,
thereby promoting efficient autophagic turnover [37]. The exact mechanism underlying the
involvement of microtubule in autophagosome formation, as well as targeting and fusion with
lysosomes is open to debate [44, 45]. Based on (i) the absence of obvious changes in LC3
autophagosomes when they are associated with phosphorylated MAP1B-P, (ii) the elevated
level of MAP1B-P bound to LC3 in dystrophic terminals containing a large number of
autophagosomes [36] and, (iii) the conserved role of MAP1B-P in axonal growth and repair
during development or injury (which implicates autophagy in remodelling axonal terminals
during regeneration) [46], the interactions of LC3 with MAP1B and MAP1B-P have been
proposed to represent a regulatory determinant of autophagy in axons under normal and
pathological conditions respectively [37].

2.3. Functions of neuronal autophagy

Neurons, as non-dividing cells, are more sensitive to toxic components than dividing cells.
Therefore, their survival and the maintenance of their specialized functions under physiolog‐
ical and pathological conditions is crucial requiring a tight quality control of cytoplasmic
components and their degradation. Autophagy is believed to be of particular importance in
the synaptic compartments of neurons where high energy requirements and protein turnover
are necessary to sustain synaptic growth and activity. The CNS displays relatively low levels
of autophagosomes under normal conditions, even after starvation, but requires an indispen‐
sable turnover of cytosolic contents by autophagy even in the absence of any disease-associated

Autophagy - A Double-Edged Sword - Cell Survival or Death?380

mutant proteins [10, 47, 48]. The scarcity of immature autophagosomes in neurons is likely to
reflect a highly efficient autophagic degradation in the healthy brain. Accordingly, inhibition
of autophagy causes neurodegeneration in mature neurons suggesting that autophagy may
regulate neuronal homeostasis [11, 12]. For example, abnormal protein accumulation and
eventual neurodegeneration are observed in the CNS of mice lacking the atg5 or the atg7 genes.
This implies that basal autophagy is normally highly active and required for neuronal survival
[11, 12]. The cardinal importance of autophagy in central neurons is further supported by
recent studies showing a rapid accumulation of autophagosomes in cortical neurons when
lysosomal degradation is inhibited. Thus, constitutive autophagy apparently plays an active
role in neurons even under nutrient-rich conditions [49, 50].

2.3.1. Axonal homeostasis

Constitutive autophagy is probably essential for axonal homeostasis. Suppression of basal
autophagy by either deleting an atg gene or inhibiting autophagic clearance in neurons
disrupts axonal transport of vesicles destined for lysosomal degradation, and causes axonal
swelling and dystrophy [11, 12, 37, 50]. For examples, Atg1/Unc-51 mutants in C. elegans show
defaults in axonal membranes [51], and Unc-51.1, the murine homologue of Unc-51 is necessary
for axonal extension, suggesting a possible role for these proteins in axonal membrane
homeostasis [20, 52, 53]. In the cerebellum, neuron-specific deletion of FIP200, a protein
implicated in autophagosome biogenesis, causes axon degeneration and neuronal death [13].
Altogether, these data suggest that autophagy is essential to maintain axonal structure and
function through retrograde axonal transport [16]. The degree of vulnerability and the
formation of intracellular inclusions vary significantly among the different types of CNS
neurons in mutant brains deficient in Atg5 or Atg7 suggesting disparate intrinsic requirements
for autophagy and relative levels of basal autophagy [20]. For example, while ubiquitinated
inclusions are rare in the Atg5- or Atg7-deficient PCs, these cells are among the most suscep‐
tible neurons to Atg 5/7 gene deletion [54, 55]. ULK1, the human homologue of Atg1 is
incorporated into the active NGF-TrkA complex after its K-63 polyubiquitination and associ‐
ation with p62 [52, 56]. The subsequent interaction of ULK1 with endocytosis regulators allows
trafficking of NGF-bound TrkA receptors into endocytic vesicles [57] providing a possible
mechanism of crosstalk between autophagy and endocytosis. By fusing with autophagosomes,
some membrane compartments, including endosomes, can be removed from axons and
degraded in lysosomes. This process maintains the homeostasis of the axonal membrane
networks and as such is essential for axonal physiology [20, 53].

Indeed, dysfunctional autophagy has been implicated in axonal dystrophy. Axonal swellings
occur in autophagy-deficient mouse brains [11, 12] and genetic ablation of Atg7 provokes cell-
autonomous axonal dystrophy and degeneration, inferring that autophagy is crucial for
membrane trafficking and turnover in axons [53]. In Atg5- or Atg7-deficient PCs, axonal
endings exhibit an accumulation of abnormal organelles and membranous profiles much
earlier than the somato-dendritic compartment [53, 54]. Axonal degeneration is increasingly
believed to precede somatic death by a non-apoptotic auto-destructive mechanism [58, 59].
The “dying-back” progressive retrograde degeneration of the distal axon is a likely model of
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grade directions in neurites, and this trafficking requires microtubules [41]. Furthermore, both
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the synaptic compartments of neurons where high energy requirements and protein turnover
are necessary to sustain synaptic growth and activity. The CNS displays relatively low levels
of autophagosomes under normal conditions, even after starvation, but requires an indispen‐
sable turnover of cytosolic contents by autophagy even in the absence of any disease-associated

Autophagy - A Double-Edged Sword - Cell Survival or Death?380
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recent studies showing a rapid accumulation of autophagosomes in cortical neurons when
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disrupts axonal transport of vesicles destined for lysosomal degradation, and causes axonal
swelling and dystrophy [11, 12, 37, 50]. For examples, Atg1/Unc-51 mutants in C. elegans show
defaults in axonal membranes [51], and Unc-51.1, the murine homologue of Unc-51 is necessary
for axonal extension, suggesting a possible role for these proteins in axonal membrane
homeostasis [20, 52, 53]. In the cerebellum, neuron-specific deletion of FIP200, a protein
implicated in autophagosome biogenesis, causes axon degeneration and neuronal death [13].
Altogether, these data suggest that autophagy is essential to maintain axonal structure and
function through retrograde axonal transport [16]. The degree of vulnerability and the
formation of intracellular inclusions vary significantly among the different types of CNS
neurons in mutant brains deficient in Atg5 or Atg7 suggesting disparate intrinsic requirements
for autophagy and relative levels of basal autophagy [20]. For example, while ubiquitinated
inclusions are rare in the Atg5- or Atg7-deficient PCs, these cells are among the most suscep‐
tible neurons to Atg 5/7 gene deletion [54, 55]. ULK1, the human homologue of Atg1 is
incorporated into the active NGF-TrkA complex after its K-63 polyubiquitination and associ‐
ation with p62 [52, 56]. The subsequent interaction of ULK1 with endocytosis regulators allows
trafficking of NGF-bound TrkA receptors into endocytic vesicles [57] providing a possible
mechanism of crosstalk between autophagy and endocytosis. By fusing with autophagosomes,
some membrane compartments, including endosomes, can be removed from axons and
degraded in lysosomes. This process maintains the homeostasis of the axonal membrane
networks and as such is essential for axonal physiology [20, 53].

Indeed, dysfunctional autophagy has been implicated in axonal dystrophy. Axonal swellings
occur in autophagy-deficient mouse brains [11, 12] and genetic ablation of Atg7 provokes cell-
autonomous axonal dystrophy and degeneration, inferring that autophagy is crucial for
membrane trafficking and turnover in axons [53]. In Atg5- or Atg7-deficient PCs, axonal
endings exhibit an accumulation of abnormal organelles and membranous profiles much
earlier than the somato-dendritic compartment [53, 54]. Axonal degeneration is increasingly
believed to precede somatic death by a non-apoptotic auto-destructive mechanism [58, 59].
The “dying-back” progressive retrograde degeneration of the distal axon is a likely model of
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the chronic injury observed in neurodegenerative diseases [59]. NGF-deprivation induces
autophagosome accumulation in the distal tips of neurites of PC12 cells, and knocking down
Atg7 or beclin 1 expression delays neurite degeneration of NGF-deprived sympathetic neurons
[60]. This suggests that overactive or deficient autophagy contributes to axonal degeneration
in a dying-back manner due to the fragility of the axonal tips [20].

2.3.2. Dendritic autophagy

Early autophagosomes have also been observed in dendrites and the cell body of neurons
suggesting that axon terminals are not be the only sites where neuronal autophagosomes form,
and that autophagy may play a regulatory function in dendrites under physiological and
pathological conditions [19]. Along this line, mTOR a key regulator of the autophagic pathway,
modulates postsynaptic long-term potentiation and depression, suggesting that autophagy
may critically control synaptic plasticity at the postsynaptic, dendritic compartment [61].
Further investigations are required to determine the specific roles of autophagy in dendrites
and axons.

Since autophagosomes can fuse with endosomes and form amphisomes, there is a link between
autophagy and endocytosis [62]. ESCRT proteins have recently been implicated in normal
autophagy [19, 63, 64]. The endocytic pathways, in particular multi-vesicular bodies (MVBs)
may serve as critical routes for autophagosomes to reach lysosomes, because defects in ESCRT
function prevents fusion or maturation of autophagosomes. The ESCRT-MVB pathway could
represent the primary, if not the only, route for delivering autophagosomes to lysosomes in
some cell types [20]. In neurons, a large part of the endocytosed cargo merges with the
autophagic pathway prior to being degraded by lysosomes [65]. Alterations in ESCRT function
have also been linked to autophagy-deficiency in fronto-temporal dementia (FTD) and
amyotrophic lateral sclerosis (ALS). In these cases, the particular vulnerability of the neurons
appears to be associated with a dysfunction in the autophagosome-MVB pathway in the
dendritic compartment [19].

2.3.3. Protein homeostasis

Neurons deficient in Atg5 or Atg7 exhibit an accumulation of polyubiquitinated proteins in
inclusion bodies even though the proteasome function is normal, suggesting that basal
autophagy prevents spontaneous protein aggregation and plays an essential role in protein
clearance and homeostasis in neurons. Such a function is even more critical in neurons
expressing disease-related proteins like the aggregate-prone mutant α-synuclein and poly‐
glutamine-containing proteins [66-68], although how autophagy selectively degrades these
disease-related proteins is unclear. The ubiquitin-associated protein p62 is a likely candidate,
providing a link between autophagy and selective protein degradation. Indeed, p62 binds
numerous proteins through multiple protein-protein interacting motifs, including one for LC3
[55, 56] and the ubiquitin-associated C-terminal domain which binds ubiquitinated proteins.
The relationship between p62 and autophagy is further supported by the observation that a
marked accumulation of p62 and LC3 occurs only when lysosomes, but not proteasomes, are
blocked. Furthermore, p62 protein levels are elevated in autophagy-deficient neurons [36, 55].
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This argues that p62 is a specific substrate of autophagic degradation rather than a molecule
involved in autophagosome formation since p62-knockout mice display intact autophago‐
somes and slower protein degradation. Autophagy-deficient cells and neurons accumulate
ubiquitin- and p62-positive inclusions, and this accumulation is greatly reduced by ablating
p62 [55, 69]. p62 with mutations in the LC3 recognition sequence escape autophagic degrada‐
tion, leading to the formation of inclusions, whereas those with mutations in the self-oligo‐
merizing domain PB1 are poorly degraded, but no protein inclusions form. Thus increased
levels and oligomerization of p62 are required for the formation of inclusion bodies, and their
degradation is facilitated by oligomerization. Ubiquitinated aggregates induced by protea‐
some inhibition are also reduced in p62-deficient cells suggesting that p62 is a general mediator
of inclusion formation and normally functions as an adaptator targeting proteins for auto‐
phagic degradation [20].

2.3.4. Neuronal autophagy in synapse development, function and remodeling

Neuronal autophagy has been recently shown to play an important role in synapse develop‐
ment. The ubiquitin-proteasome system negatively regulates growth of the neuromuscular
junction (NMJ) in Drosophila [70] whereas NMJ is positively regulated by neuronal autophagy;
a decrease or an increase in autophagy correspondingly affects synapse size [71]. Indeed, an
overexpression or a mutation of Atg1, a gene involved in autophagy induction, respectively
enhanced or decreased NMJ growth. Furthermore, this positive effect of autophagy on NMJ
development is mediated by downregulating Hiw, an E3 ubiquitin ligase which negatively
regulates synaptic growth by downregulating Wallenda (Wnd), a MAP kinase kinase [70- 72].
Although autophagy is considered as a nonselective bulk degradation process, it can regulate
specific developmental events in a substrate-selective mode [73, 74]. In C. elegans, when
presynaptic afferences are removed from postsynaptic cells, GABAA receptors are selectively
targeted to autophagosomes [73]. Accordingly, Hiw could traffic to autophagosomes via a still
unknown mechanism, although Hiw could be unselectively degraded by autophagy along
with other presynaptic proteins. Interestingly, the synaptic density in mice carrying an atg1
mutation is decreased due to excessive activity of the MAP kinase ERK, suggesting that
activated ERK negatively regulates synapse formation and that Atg1 regulates synaptic
structure by downregulating ERK activity [75]. As pointed out by Shen and Ganetzky [71],
autophagy is a perfect candidate to modulate synaptic growth and plasticity in function of
environmental conditions, resulting in plausible consequences in learning and memory.

Autophagy has recently been shown to regulate neurotransmission at the presynaptic level
[76]. Besides enhancing protein synthesis via the mTORC1 complex, mTOR activity inhibits
autophagy by an Atg13 phosphorylation-induced blockade of Atg1 [77]. In the nervous system,
mTORC1 promotes learning and synaptic plasticity dependent on protein synthesis [78- 80].
Conversely, the mTOR inhibitor rapamycin impedes protein synthesis and blocks cell injury-
induced axonal hyperexcitability and synaptic plasticity, as well as learning and memory [81,
82]. In prejunctional dopaminergic axons, inhibition of mTOR induces autophagy as shown
by an increase in autophagosome formation, and decreases axonal volume, synaptic vesicle
number and evoked dopamine release. Similarly, non-dopaminergic striatal terminals also
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unknown mechanism, although Hiw could be unselectively degraded by autophagy along
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mutation is decreased due to excessive activity of the MAP kinase ERK, suggesting that
activated ERK negatively regulates synapse formation and that Atg1 regulates synaptic
structure by downregulating ERK activity [75]. As pointed out by Shen and Ganetzky [71],
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number and evoked dopamine release. Similarly, non-dopaminergic striatal terminals also
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display more autophagosomes and fewer synaptic vesicles. Conversely, chronic autophagy
deficiency in dopamine neurons increases dopaminergic axon size and evoked dopamine
release, and promotes rapid presynaptic recovery. Thus mTOR-dependent axonal autophagy
locally regulates presynaptic structure and function. In cultured brain slices, the occurrence of
autophagosomes in presynaptic terminals isolated from their cell bodies confirms that
autophagosomes are locally synthesized [83], and supports the view that this autophagy may
serve to modulate presynaptic terminal function by sequestrating presynaptic components
[76]. The global stimulating effect of chronic autophagy deficiency on dopaminergic neurons
is consistent with the implication of autophagy in neurite retraction of sympathetic neurons
in vitro [84] and neuritic growth in developing neurons [21].

There are only a few other reports indicating that autophagy may participate in synapse
remodeling. In the cerebellar cortex of the (Bax-/-;GluRδ2Lc) double mutant mouse (Fig. 2A),
prominent autophagic profiles are evident in parallel fiber terminals subjected to intense
remodeling in the absence of the PCs, their homologous target neurons [85]. As mentioned
above, endocytosed GABAA receptors are selectively targeted to autophagosomes in C.
elegans neurons [73], whereas autophagy promotes synapse outgrowth in Drosophila [71].
Autophagy may also modulate synaptic plasticity as recently demonstrated in mammalian
hippocampal neurons [61]. Here, neuronal stimulation by chemical LTD induces NMDAR-
dependent autophagy by inhibiting the PI3K-Akt-mTOR pathway. Enhanced autophagosome
formation in the dendrites and spines of these neurons targets internalized AMPA receptors
to lysosomes suggesting that autophagy contributes to the NMDAR-dependent synaptic
plasticity required to maintain LTD and assure certain brain functions [61]. A possible
mechanism for this formation of autophagosomes and autophagic degradation of AMPARs in
dendritic shafts and spines may involve a change in endosome cycling. The formation of more
amphisomes due to the fusion of endosomes with autophagosome [86, 87] would reduce the
recycling endosome population, and direct more AMPAR-containing endosomes to autopha‐
gosomes for lysosomal degradation. Another alternative, but not exclusive actor is p62. This
autophagosomal protein is important for LTP and spatial memory [88], interacts with AMPAR
and is required for the trafficking of AMPAR [89]. AMPAR via its interaction with p62 would
be trapped in autophagosomes as their number increased [61]. mTOR regulates protein
turnover in neurons by functioning at the intersection between protein synthesis and degra‐
dation. During learning and reactivation in the amygdale and hippocampus, rapamycin
inhibition of mTOR has recently been shown to impair object recognition memory [90],
implicating signaling mechanisms involved in protein synthesis, synaptic plasticity and cell
metabolism in this cognitive function.

2.4. Few autophagosomes, a feature of basal neuronal autophagy

Neurons are highly resistant to large-scale induction of autophagy in response to starvation,
probably due to the multiple energy sources available to assure their function [48]. Interest‐
ingly, the activity of mTOR, a negative regulator of autophagy is significantly reduced in
hypothalamic neurons from mice after a 48h starvation [91], although there are reports that
autophagy in neurons can be regulated independently of mTOR [92, 93]. For example, insulin

Autophagy - A Double-Edged Sword - Cell Survival or Death?384

impairs the induction of neuronal autophagy in vitro, but in its absence induction of autophagy
is mTOR-dependent. Furthermore, a potent Akt inhibitor provokes robust autophagy [92].
Thus insulin signaling maintains a low level of autophagosome biogenesis in healthy neurons
constituting a critical mechanism for controlling basal autophagy in neurons. In addition to
insulin signaling, multiple parallel signaling pathways including the mTOR pathway can
regulate autophagy in neurons. From these data, Yue and collaborators [20] have proposed
that basal autophagy in CNS neurons is regulated by at least two mechanisms: (1) a non-cell-
autonomous mechanism whereby regulators (nutrients, hormones and growth factors) are
supplied by extrinsic sources (glia, peripheral organs), (2) a cell-autonomous mechanism
controlled by intrinsic nutrient-mediated signaling or specific factors expressed in neurons.

Neurons may depend less on autophagy to provide free amino acids and energy under
physiological conditions given their quasi exclusive use of blood-born glucose as a source of
carbon and energy for protein synthesis. Accordingly, the primary function of neuronal
autophagy may be different than a primary response to starvation, and autophagy regulatory
mechanisms are likely to be specific in neurons. Furthermore, gender differences in autophagic
capacity have been suggested by the faster autophagic response to starvation of cultured
neurons from male rats compared to those from females [94]. While in vivo evidence of
neuronal autophagy mediated by nutrient signaling is still missing, a number of stress-related
signals, neuron injuries and neuropathogenic conditions trigger prominent formation and
accumulation of autophagosomes in neurons. During this process, neurons may undergo a
significant change in autophagy regulation, involving a deregulation that allows neurons to
switch from basal level (neuron-specific process featured by a low number of autophagosomes)
to an activated state (well-conserved induced autophagy with large-scale biosynthesis of
autophagosomes) [20]. Hypoxic-ischemia [95, 96], excitotoxicity [97-99], the dopaminergic
toxins, methamphetamine and MPP+ [65, 100, 101], proteasome inhibition [102-104], lysosomal
enzyme/lipid storage deficiencies [105-108] are examples of these pathological inducers of
neuronal autophagy (see below).

3. Autophagy in neuronal physiopathology

Autophagy normally protects effect against neurodegeneration, but defects in the autophagy
machinery are sufficient to induce neurodegeneration. Indeed, neuron-specific disruption of
autophagy results in neurodegeneration [11, 12]; for example PC-specific Atg7 deficiency
impedes axonal autophagy via an important p62-independent axonopathic mechanism
associated with neurodegeneration [55]. Furthermore, specific defects in selective autophagic
components or in the cargo selection process can induce neurodegeneration. This hypothesis
is supported by the studies of cargo recognition and degradation components, such as p62,
NBR1, or ALFY [109, 110]. Defects at any one of the autophagic steps can cause an abnormal
accumulation of cytosolic components and lead to disease states. Therefore, each step of the
autophagic process needs to be tightly regulated for efficient autophagic degradation.

The housekeeping role of neuronal autophagy is more evident when neurons are loaded with
pathogenic proteins [67]. In many neurodegenerative disorders, cytoplasmic, nuclear and

Neuronal Autophagy and Prion Proteins
http://dx.doi.org/10.5772/55646

385



display more autophagosomes and fewer synaptic vesicles. Conversely, chronic autophagy
deficiency in dopamine neurons increases dopaminergic axon size and evoked dopamine
release, and promotes rapid presynaptic recovery. Thus mTOR-dependent axonal autophagy
locally regulates presynaptic structure and function. In cultured brain slices, the occurrence of
autophagosomes in presynaptic terminals isolated from their cell bodies confirms that
autophagosomes are locally synthesized [83], and supports the view that this autophagy may
serve to modulate presynaptic terminal function by sequestrating presynaptic components
[76]. The global stimulating effect of chronic autophagy deficiency on dopaminergic neurons
is consistent with the implication of autophagy in neurite retraction of sympathetic neurons
in vitro [84] and neuritic growth in developing neurons [21].

There are only a few other reports indicating that autophagy may participate in synapse
remodeling. In the cerebellar cortex of the (Bax-/-;GluRδ2Lc) double mutant mouse (Fig. 2A),
prominent autophagic profiles are evident in parallel fiber terminals subjected to intense
remodeling in the absence of the PCs, their homologous target neurons [85]. As mentioned
above, endocytosed GABAA receptors are selectively targeted to autophagosomes in C.
elegans neurons [73], whereas autophagy promotes synapse outgrowth in Drosophila [71].
Autophagy may also modulate synaptic plasticity as recently demonstrated in mammalian
hippocampal neurons [61]. Here, neuronal stimulation by chemical LTD induces NMDAR-
dependent autophagy by inhibiting the PI3K-Akt-mTOR pathway. Enhanced autophagosome
formation in the dendrites and spines of these neurons targets internalized AMPA receptors
to lysosomes suggesting that autophagy contributes to the NMDAR-dependent synaptic
plasticity required to maintain LTD and assure certain brain functions [61]. A possible
mechanism for this formation of autophagosomes and autophagic degradation of AMPARs in
dendritic shafts and spines may involve a change in endosome cycling. The formation of more
amphisomes due to the fusion of endosomes with autophagosome [86, 87] would reduce the
recycling endosome population, and direct more AMPAR-containing endosomes to autopha‐
gosomes for lysosomal degradation. Another alternative, but not exclusive actor is p62. This
autophagosomal protein is important for LTP and spatial memory [88], interacts with AMPAR
and is required for the trafficking of AMPAR [89]. AMPAR via its interaction with p62 would
be trapped in autophagosomes as their number increased [61]. mTOR regulates protein
turnover in neurons by functioning at the intersection between protein synthesis and degra‐
dation. During learning and reactivation in the amygdale and hippocampus, rapamycin
inhibition of mTOR has recently been shown to impair object recognition memory [90],
implicating signaling mechanisms involved in protein synthesis, synaptic plasticity and cell
metabolism in this cognitive function.
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mechanisms are likely to be specific in neurons. Furthermore, gender differences in autophagic
capacity have been suggested by the faster autophagic response to starvation of cultured
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machinery are sufficient to induce neurodegeneration. Indeed, neuron-specific disruption of
autophagy results in neurodegeneration [11, 12]; for example PC-specific Atg7 deficiency
impedes axonal autophagy via an important p62-independent axonopathic mechanism
associated with neurodegeneration [55]. Furthermore, specific defects in selective autophagic
components or in the cargo selection process can induce neurodegeneration. This hypothesis
is supported by the studies of cargo recognition and degradation components, such as p62,
NBR1, or ALFY [109, 110]. Defects at any one of the autophagic steps can cause an abnormal
accumulation of cytosolic components and lead to disease states. Therefore, each step of the
autophagic process needs to be tightly regulated for efficient autophagic degradation.

The housekeeping role of neuronal autophagy is more evident when neurons are loaded with
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extracellular inclusions composed of aggregated and ubiquitinated proteins are believed to
contribute to organelle damage, synaptic dysfunction and neuronal degeneration. The
autophagic process in diseased neurons participates in the clearance of abnormal aggregate-
prone proteins such as the expanded glutamine (polyQ)-containing proteins (e.g. mutant
huntingtin in Huntington’s disease (HD)), mutant forms of α-synuclein in familial Parkinson
disease (PD), different forms of tau in Alzheimer’s disease (AD), tauopathies and FTD, mutant
forms of SOD1 in motor diseases such as ALS, and mutant forms of PMP22 in peripheral
neuropathies are cleared from diseased neurons by autophagy [19, 20, 55, 56, 66, 67, 111-115].
However, accumulation of these intracellular aggregates is believed to play a significant role
in the etiology of neurodegenerative diseases including prion diseases (PrD) [3, 67]. One
common feature is the dramatic cyto-pathological accumulation of autophagosomes in injured
and degenerating neurons [116-121]. Such signs of defects in autophagy have been interpreted
as a result of an “autophagic stress”, or in other words an imbalance between protein synthesis
and degradation [116]. This has traditionally been viewed as a highly destructive cellular
mechanism, driving the cell to death [117]. In these diseases, it is now accepted that autophagy
eliminates aggregate-prone proteins and damaged organelles more efficiently than the
proteasome machinery. Since the proteasome is unable to degrade them [122], the clearance
of misfolded, aggregated proteins originating from neuropathologic deficits is highly depend‐
ent on autophagy. However, a blockade of the autophagic flux is likely to impede the clearance
of these proteins. The accumulation of aggregated proteins and organelles within the diseased
neurons then contributes to cell dysfunction and in the end results in cell death [16], (Fig. 3).
Indeed, pharmacological upregulation of autophagy reduces neuronal aggregates and slows
down the progression of neurological symptoms in animal models of tauopathy and HD [123],
AD [41, 124, 125] and PrD [126, 127].

The mechanisms that determine the activation of autophagy for the removal of aggregated
proteins are not clearly understood, but failure of the other proteolytic systems to handle the
altered proteins seems to at least partly underlie autophagy activation. Thus oligomers and
fibers of particular proteins can block the proteolytic activity of the ubiquitin-proteasome
system and chaperone-mediated autophagy (CMA) that results in autophagy upregulation
[128, 129]. In addition, sequestration of negative regulators of autophagy in the protein
aggregates could also provoke activation of this pathway. Thus it has been shown that blockage
of autophagy in neurons leads to the accumulation of aggregated proteins and neurodegen‐
eration even in the absence of aggregate-prone proteins [11, 12]. Although the specific reasons
for the failure of the proteolytic systems are unknown, factors such as enhanced oxidative
stress and aging seem to precipitate entry into a late failure stage when the activity of all
degradation systems are blocked or decreased, leading to accumulation of autophagic vacuoles
and aggregates and finally cell death [130].

Autophagy protects against cell death in the case of growth factor withdrawal, starvation and
neurodegeneration, but it is required for some types of autophagic cell death [131-134].
However, the role of autophagy as a positive mediator of cell death is not well understood in
mammalian systems, although many studies suggest that impaired autophagy sensitizes cells
and organisms to toxic insults. Atg1-dependent autophagy restricts cell growth [135]. Cells
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Figure 2. Autophagy in cerebellar neurons.A. Neuronal autophagy in the cerebellum of a Purkinje cell-deficient
Bax0/0;Grid2Lc/+ double mutant mouse. Autophagic-like profiles (arrowheads) in presynaptic parallel fiber boutons (PF)
in the cerebellar molecular layer. * intervaricose parallel fibers. B. Autophagolysosomes (arrowheads) characteristic of
neuronal autophagy in the soma of a cerebellar Purkinje cell (PC) of a prion protein-deficient Ngsk Prnp0/0 mouse. C-D.
Phagophores, autophagosomes (* in C) and autophagolysosomes (* in D) in the soma of cerebellar Purkinje cells (PC)
from prion protein-deficient Ngsk Prnp0/0 mouse maintained 7 days in vitro (DIV7) in organotypic culture. E. Autopha‐
gosome (*) forming from a Golgi dictyosome in the Purkinje cell soma (PC) of a transgenic mouse expressing a neuro‐
toxic Chi3 PrP-Dpl chimera. Go, normal Golgi dictyosome. Scale bars = 500 nm in A, C-E, 2 µm in B.
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for the failure of the proteolytic systems are unknown, factors such as enhanced oxidative
stress and aging seem to precipitate entry into a late failure stage when the activity of all
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However, the role of autophagy as a positive mediator of cell death is not well understood in
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deficient in Pdk1, a positive regulator of mTOR pathway [136], display autophagy and reduced
growth. The increased growth capacity that results from disrupting autophagy may contribute
to the tumorigenicity of cells mutant for tumor suppressors [38, 137, 138]. Overexpression of
Atg1 leads to apoptotic cell death [135]. Cells undergoing autophagic cell death display signs
of apoptosis [139], as do Atg1-null cells [135]. Thus, elevated levels of autophagy promote cell
death and the role of autophagy in cell death is likely to be context-dependent.

Neuronal autophagy is currently believed to constitute a protective mechanism that slows the
advance of neurodegenerative disorders, and that its inhibition is associated with neurode‐
generation [130]. Substantial attention is currently being focused on the molecular mechanisms
underlying the autophagic fight against neurodegeneration, the role of autophagy in early
stages of pathogenesis and therapeutical approaches to upregulate protective neuronal
autophagy. It is unclear whether accumulation of autophagic vacuoles in degenerating
neurons results from increased autophagic flux or impaired flux. A chronic imbalance between
autophagosome formation and degradation causes “autophagic stress” [140]. Due to obvious
therapeutic consequences, it is imperative to understand how autophagic stress occurs in each
autophagy-associated neurodegenerative condition: either a cellular incapacity to support an
excessive autophagic demand or a defective degradation (lysosomal) step [141].

4. Autophagy in prion diseases

4.1. Prion diseases

4.1.1. Infectious and familial prion diseases

Prion diseases (PrD) are transmissible spongiform encephalopathies (TSEs) which are fatal
neurodegenerative diseases in humans (Creutzfeldt-Jakob disease (CJD), Gerstmann-Sträuss‐
ler-Scheinker syndrome (GSS), variant CJD (vCJD), fatal familial insomnia (FFI) and kuru) and
in animals (bovine spongiform encephalopathy (BSE), transmissible mink encephalopathy
(TME), chronic wasting disease (CWD) and scrapie). In humans, PrD manifest after a long
incubation period free of symptoms as a rapid progressive dementia that leads inevitably to
death. Severe loss of neurons with extensive astrogliosis and moderate microglial activation,
characteristic of all TSEs, results in a progressive spongiform degeneration of the brain tissue
which is reflected by ataxia, behavioral changes and, in humans, a progressive cognitive
decline [142-145]. According to the protein-only hypothesis [146], TSEs are caused by prions
that are believed to be proteinaceous infectious particles mainly consisting of PrPSC, an
abnormal isoform of the normal, host-encoded prion protein (PrPC), [142]. Prions are able to
catalyze a switch from PrPC conformation into an aggregated misfolded conformer PrPSC which
collects throughout the brain according to a prion strain-specific anatomo-pathologic signa‐
ture. These PrDs share a protein misfolding feature with other neurodegenerative diseases
(e.g. AD, PD and HD), [147].

The central role played by PrPC in the development of PrD was first illustrated by the obser‐
vation that disruption of the PrP gene (PRNP) in mice confers resistance to PrD and impairs
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the propagation of infectious prions [148], while PrP-overexpressing (tga20) mice exhibit
reduced incubation periods when compared with wild-type mice [149]. Overall, the current
data argue for a primary role of the neuronal, GPI-anchored PrPC in prion neuropathogenesis
[150].The subversion of PrPC function(s) as a result of its conversion into PrPSC is assumed to
account for prion-associated toxicity in neurons [151]. Whether PrPSC triggers a loss of PrPC

physiological function (loss-of-function hypothesis) or promotes a gain of toxic activity (gain-
of-function hypothesis), or both, is an ongoing debate in the TSE field [152]. Elucidating the
roles of PrPC in neurons should help to answer this question. Knockout experiments, however,
have failed to reveal any obvious physiological role for PrPC. Mice devoid of PrPC are viable
and display only minor phenotypic or behavioural alterations that vary according to the null
strain, and hence, these results do not permit one to assign a specific function to PrPC. Ex
vivo studies support the involvement of PrPC in copper homeostasis [153]. In addition, the
localisation of PrPC on the cell membrane and its affinity for the neuronal cell adhesion
molecule (N-CAM), laminin, and the laminin receptor [154, 155] have implicated PrPC in cell
adhesion. Such properties may reflect the involvement of PrPC in the outgrowth and mainte‐
nance of neurites, and even cell survival. Indeed, recent experimental evidence showing that
PrPC interacting with β1 integrin controls focal adhesion and turnover of actin microfilaments
in neurons substantiates a role for PrPC in neuritogenesis. Of note, integrins are well known

Figure 3. Impaired steps of neuronal autophagy in neurodegenerative disorders.A. Defective autophagosome
biogenesis. B. Blockage of retrograde transport and accumulation of autophagosomes in dystrophic neurites. C. Fail‐
ure of autophagosomes to fuse with lysosomes.
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PrPC interacting with β1 integrin controls focal adhesion and turnover of actin microfilaments
in neurons substantiates a role for PrPC in neuritogenesis. Of note, integrins are well known

Figure 3. Impaired steps of neuronal autophagy in neurodegenerative disorders.A. Defective autophagosome
biogenesis. B. Blockage of retrograde transport and accumulation of autophagosomes in dystrophic neurites. C. Fail‐
ure of autophagosomes to fuse with lysosomes.
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inducers of autophagy (see review in chapter by Nollet and Miranti). Remarkably, during
neuronal differentiation, the downregulation of Rho kinase (ROCK) activity by PrPC is
necessary for neurite sprouting [156]. A stress-protective activity has also been assigned to
PrPC based on results obtained with primary neuronal cultures. Neuronal cells derived from
PrP-knockout mice are more sensitive to oxidative stress and serum deprivation than wild
type cells [157-159]. Moreover, after ischemic brain injury, PrPC-depleted mice revealed
enlarged infarct volumes [160-162]. This neuroprotective role of PrPC has been linked to cell
signaling events. The interaction of PrPC with the stress inducible protein (STI-1) generates
neuroprotective signals that rescue cells from apoptosis [163]. Previous studies of both
neuronal and non-neuronal cells substantiate the coupling of PrPC to signaling effectors
involved in cell survival, redox equilibrium and homeostasis (e.g. ERK1/2, NADPH oxidase
[164], cyclic AMP-responsive element binding protein (CREB) transcription factor and
metalloproteinases [165, 166]. According to these data, PrPC has been proposed to function as
a « dynamic cell surface platform for the assembly of signaling modules » [167]. Despite these
overall advances, the sequence of cellular and molecular events that leads to neuronal cell
demise in TSEs remains obscure [168, 169]. At present, one envisions that neuronal cell death
results from several parallel, interacting or sequential pathways involving protein processing
and proteasome dysfunction [170], oxidative stress [159, 171], apoptosis and autophagy [172].

4.1.2. Autophagy in prion-infected neurons

Prion propagation involves the endocytic pathway, specifically the endosomal and lysosomal
compartments that are implicated in trafficking and recycling, as well as the final degradation
of prions. Shifting the equilibrium between propagation and lysosomal clearance impairs the
cellular prion load. This and the presence of autophagic vacuoles in prion diseased neurons
[173, 174] suggest a role for autophagy in prion infection (reviewed in [172]). Indeed, the high
numbers of autophagic vacuoles observed in neurons from experimentally prion-infected mice
(Fig. 4A, B, Fig. 5) and hamsters is indicative of a robust activation of autophagy [175, 176].
Furthermore, autophagic vacuoles and multivesicular bodies have been detected in prion-
infected neuronal cells in vitro [177].The formation of autophagic vacuoles has recently been
observed in neuronal pericarya, neurites and synapses of neurons experimentally infected
with scrapie, CJD and GSS [174], as well as in neuronal synaptic compartments in humans
with certain PrD [173]. PrDs are further correlated with autophagy given that the Scrg1 protein
(encoded by the scrapie responsive gene1, Scrg1) is upregulated in scrapie and BSE-infected
brains, as well as in brains of patients with sporadic CJD [178-180] and is associated with
neuronal autophagosomes [181, 182]. This Scrg1 protein is thus, a new marker for autophagic
vacuoles in prion-infected neurons (Fig. 4A, B). In the brains of CJD and FFI patients and
experimentally scrapie-infected hamsters, increased cytoplasmic levels of LC3-II-immunos‐
tained autophagosomes have been demonstrated in neurons, again indicating autophagy
activation. In addition, the decreased p62 and polyubiquitinated proteins levels in hamster
and human brains infected with prion suggest an upregulation of autophagy with enhanced
autophagic flux and protein degradation. Downregulation of the mTOR pathway and
upregulation of the beclin 1 pathway in these infected tissues provide further evidence of
autophagy activation [183]. On the basis of these observations, Xu et al. [183] propose that
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neuronal autophagy is an intricate element of prion infections. They suggest that once PrPSC

enters host cells and is delivered to endosomes, it accumulates in amphisomes via fusion with
autophagosomes and then with lysosomes. At this initial stage of infection, PrPSC does not co-
localize with autophagosomes, probably because PrPSC levels are too low to be detected due
to their rapid degradation in autophagolysosomes. In agreement with this explanation,
blocking the fusion of autophagosomes with lysosomes using bafilomycin A1 permits the
visualization of PrP-PG14 and PrPSC in autophagosomes [183], as is the case for Aβ1-42 [184].

The role of lysosomes in PrDs is still controversial. Although autophagic lysosomal degrada‐
tion of PrPSC in infected neurons is supposed to clear prion aggregates and inhibit PrPSC

replication, there are indications that PrPSC may subvert the autophagic-lysosomal system to
promote the conversion of PrPC into PrPSC. Lysosomal inhibitors prevent the build-up of
PrPSC [126] and agonists of the autophagy-lysosome pathway enhance the clearance of PrPSC

[185, 186, 126]. However, as PrPSC production increases, the accumulating PrPSC may saturate
the clearance capacity of the system causing lysosomal disruption and release of PrPSC

aggregates into the neuroplasm. In turn this would cause cell stress and over-activate autoph‐
agy, as has been reported in prion-diseased brain tissue [183].

The octapeptide repeats region of PrPC has been shown to negatively influence autophagy. As
measured by LC3-II expression, autophagy induced by serum deprivation occurs earlier and
to a greater extent in hippocampal neurons from ZH-I PrnP-/- compared with those from wild
type mice. Reintroduction of PrPC, but not PrPC lacking its N-t octapeptide region, into ZH-I
PrnP-/-neurons delays this upregulation of autophagy [187]. The transconformation of PrPC

into PrPSC could interfere with the function of this domain and as a consequence, upregulate
autophagy. It is conceivable that the activation of autophagy observed in PrD models reflects
a defense mechanism designed to degrade prions and resist oxidative stress. A reduction in
autophagy combined with endosomal/lysosomal dysfunction has indeed been proposed to
contribute to the development of PrD [188]. Furthermore, the anti-cancer drug imatinib has
been shown to activate lysosomal degradation of PrPSC [186] and is a potent autophagy inducer
[189]. When administered early during peripheral infection, imatinib delays both PrPSC

neuroinvasion and the onset of clinical disease in prion-infected mice [190]. Upregulation of
autophagy has beneficial effects on the clearance of aggregate-prone proteins in PrD and other
neurodegenerative diseases [66, 111-115, 191, 192]. Both lithium and trehalose enhance PrPSC

clearance from prion-infected cells by inducing autophagy, as demonstrated by increases in
LC3-II protein and the number of GFP-LC3 puncta [193, 126]. Furthermore, PrPSC can be cleared
not only by mTOR-independent autophagy (lithium and trehalose), but also by the mTOR-
dependent route because the mTOR inhibitor rapamycin also causes a decrease in cellular
PrPSC. Lithium-induced autophagy also reduces PrPC levels. This treatment causes internali‐
zation of PrPC [194], and the consequent reduction of available membrane-bound PrPC is
known to decrease its conversion into pathologic PrPSC [195-198]. This would provide an
additional, indirect way to reduce PrPSC by reducing of PrPC with lithium treatment.

Whether autophagy-inducing compounds are candidates for therapeutic approaches against
prion infection has recently been investigated in prion-infected mice. Starting in the last third
of the incubation periods, treatment with rapamycin and to a lesser extent with lithium
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dependent route because the mTOR inhibitor rapamycin also causes a decrease in cellular
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zation of PrPC [194], and the consequent reduction of available membrane-bound PrPC is
known to decrease its conversion into pathologic PrPSC [195-198]. This would provide an
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significantly prolonged incubation times compared to mock-treated control mice [126, 172].
Along this line, activation of the class III histone deacetylase Sirtuin 1 (Sirt1) has been shown
to mediate the neuroprotective effect of resveratrol against prion toxicity [199] and prevent
prion protein-derived peptide 106-126 (PrP106-126) neurotoxicity via autophagy processing
[200]. Moreover, Sirt1-induced autophagy protects against mitochondrial dysfunction induced
by PrP106-126, whereas siRNA knockdown of Sirt1 sensitizes cells to PrP106-126-induced cell
death and mitochondrial dysfunction. Finally, knockdown of Atg5 decreases LC3-II protein
levels and blocks the effect of a Sirt1 activator against PrP106-126-induced mitochondrial
dysfunction and neurotoxicity. Thus inducing Sirt1-mediated autophagy may be a principal
neuroprotective mechanism against prion-induced mitochondrial apoptosis. Nevertheless,
understanding the mechanisms underlying Sirt1-mediated autophagy against prion neuro‐
toxicity and mitochondrial damage merits further investigation, in particular determining the
Sirt1-mediated dowstream signaling network, including FOXOs, p53 and PGC-1α. More
recently, the mTOR inhibitor and autophagy inducer rapamycin has been shown to delay
disease onset and prevent PrP plaque deposition in a mouse model of the Gerstmann-
Sträussler-Scheinker PrD [127]. Here, the reduction in symtom severity and prolonged survival
correlate with increases in LC3-II levels in the brains of treated mice, suggesting that autophagy
induction enhances elimination of misfolded PrP before plaques form. This is in agreement
with the well known neuroprotective effects of rapamycin in various models of neurodege‐
nerative diseases with misfolded aggregate-prone proteins (e.g. PD [111], ALS [201], HD [115],
spinocerebellar ataxia [66, 202], FTD [203] and AD [41, 124, 125].

4.2. Doppel-expressing prion protein-deficient mice

Research efforts to determine the function of PrPC using knockout mutant mice have revealed
that large deletions in the PrPC genome result in the ectopic neuronal expression of the prion-
like protein Doppel (Dpl) causing late onset degeneration of PCs and ataxia in PrnP-/-mouse
lines, such as Ngsk [204], Rcm0 [205], ZH-II [206] and Rikn [207].

Similar PC degeneration is observed when the N-terminal truncated form of PrP is expressed
(ΔPrP) in Prnp-ablated mouse lines [208] and when Dpl is overexpressed [209, 210]. Of note,
full-length PrPC antagonizes the neurotoxic effects of both Dpl and ΔPrP [208-212], but not
PrPC lacking the N-terminal residues 23-88 [213]. These results imply that Dpl and ΔPrP induce
cell death by the same mechanism, likely by interfering with a cellular signaling pathway
essential for cell survival and normally controlled by full-length PrPC [209, 214]. The mecha‐
nism underlying Dpl-induced neurotoxicity is still under debate. PrP-deficient neurons
undergo Dpl-induced apoptosis in a dose-dependent, cell autonomous manner [215]. Oxida‐
tive stress is a likely candidate to play a role in the death of these neurons because NOS activity
is induced by Dpl both in vitro and in vivo [212, 216]. Endogenous, as well as exogenous
PrPC has been shown to inhibit Dpl-induced apoptosis, a neuroprotective function that has
been attributed to its BCL-2-like properties [158]. Like BCL-2, PrPC antagonizes mitochondrial
apoptotic pathways, thereby protecting neurons from cell death [217- 219]. In BAX-induced
apoptosis [220, 221], PrPC probably acts by preventing the conformational changes in BAX that
are necessary for its activation [222]. In primary cultures, Dpl-induced apoptosis of Prnp+/+ as

Autophagy - A Double-Edged Sword - Cell Survival or Death?392

Figure 4. Scrapie responsive gene 1 (Scrg1)-immuno-cytochemistry in prion-infected and prion protein-defi‐
cient neurons.A-B. Scrg1 immunogold labeling in central neurons of a clinically ill 22L-scrapie-infected mouse. Scrg1-
bound immunogold particles label autophagolysosomes (* in A) in a Purkinje cell dendrite (PCD) and an
autophagosome forming from a Golgi dictyosome (white asterisk in B) in the somatic neuroplasm of a pyramidal neu‐
ron (Py) of the CA3 field of the hippocampus. In this neuron, lysosomes (arrowheads) and immunogold particles label‐
ling Scrg1 surround a large autolysosome-like vacuole (black asterisk). C. Scrg1 immuno-fluorescent labeling of
Purkinje cells (arrowheads) in the cerebellar cortex of a prion protein-deficient Ngsk Prnp0/0 mouse. IGL, internal gran‐
ular layer; ML, molecular layer. Scale bars = 500 nm in A-B and 50 µm in C.
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well as PrnP-/- granule cells, has recently been shown to be inhibited by BAX deficiency or
pharmacologically blocking caspase-3 suggesting that it is mediated by Bax and caspase-3
[223]. These results further confirm in vivo data concerning the effects of Bax expression on PC
survival in the cerebellum of the Dpl-overexpressing Ngsk PrnP-/-mouse that we reported
several years ago [224]. In these mice, PC death is already significant as early as 6 months of
age. During aging, quantification of PC populations shows that significantly more PCs
survived in the Ngsk PrnP-/-:Bax-/- double mutant mice than in the Ngsk PrnP-/-mice. However,
the number of surviving PCs is still lower than wild type levels and less than the number of
surviving PCs in Bax-/- mutants. This suggests that neuronal expression of Dpl activates both
BAX-dependent and BAX-independent pathways of cell death. Interestingly, a partial rescue
of Ngsk PrnP-/-PCs is observed in Ngsk PrnP-/--Hu-bcl-2 double mutant mice, in a proportion
similar to that found in Ngsk PrnP-/-:Bax-/- mice, strongly supporting the involvement of BCL-2-
dependent apoptosis in Dpl neurotoxicity [225]. The capacity of BCL-2 to apparently compen‐
sate for the deficit in PrPC by partially rescuing PCs from Dpl-induced death suggests that the
BCL-2-like property of PrPC may counteract Dpl-like neurotoxic pathway in wild-type
neurons. Although not exactly identical to BCL-2, PrPC may functionally replace BCL-2 as it
decreases in the aging brain [222]. The N-terminal domain of PrPC which is partially homolo‐
gous to the BH2 domain of BCL-2 family of proteins [226, 227] is probably responsible for the

Figure 5. Neuronal autophagy in cerebellar neurons of a clinically ill 22L-scrapie-infected mouse. A. Accumula‐
tion of autophagosomes (arrowheads) in a main dendrite of a Purkinje cell (PCD) in the cerebellar molecular layer. *,
parallel fibers. B. Autophagosomes (arrowheads) in presynaptic axon terminals (black asterisks) establishing synapses
(arrows) on postsynaptic Purkinje cell dendritic spines (s). C. An intact parallel fiber bouton (black asterisk) makes a
synapse (arrow) on a Purkinje cell spine (s) in the upper part of the picture and another parallel fiber bouton (black
asterisk) containing an autophagosome (arrowhead) makes a synapse (arrow) on a putative interneuron dendrite (d)
in the bottom of the picture. Scale bars = 500 nm.
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neuroprotective functions of PrPC because BAX-induced apoptosis cannot be counteracted by
N-terminally truncated PrP. BCL-2 antagonizes the pro-apoptotic effect of BAX by interacting
directly with this BH2 domain [228-230], and this domain is missing in both Dpl and the
neurotoxic mutated forms of PrP: ΔPrP [208, 214, 231] and Tg(PG14)PrP [232]. Interestingly,
expression of Dpl fused to a BH2-containing octapeptide repeat and the N-terminal half of the
hydrophobic region of PrPC makes cells resistant to serum deprivation [233]. Furthermore, N-
terminal deleted forms of PrPC have been reported to activate both BAX-dependant and BAX-
independant apoptotic pathways [231].

4.2.1. Autophagy in prion protein-deficient mice

The Dpl-activated, BAX-independent cell death mechanism may involve neuronal autophagy
as we have detected the expression of Scrg1, a novel protein with a potential link to autophagy
in the Ngsk PrnP-/-PCs (Fig. 4C), [181]. Both neuronal Scrg1 mRNA and protein levels are
increased in prion-diseased brains [179, 180], and Scrg1 is associated with dictyosomes of the
Golgi apparatus and autophagic vacuoles in degenerating neurons of scrapie-infected Scrg1-
overexpressing transgenic and WT mice (Fig. 4A, B), [181, 182]. Both before and during PC
loss, protein levels of Scrg1 and the autophagic markers LC3-II and p62 are increased in Ngsk
PrnP-/-PCs, whereas their mRNA expression is stable, suggesting that the degradation of
autophagic products is impaired in these neurons [234, 235]. Autophagic profiles collect in
somato-dendritic and axonal compartments of Ngsk PrnP-/- (Figs. 2B, 6), but not wild-type PCs.
The most robust autophagy occurs in dystrophic profiles of the PC axons in the cerebellar
cortex (Fig. 6D) and at their preterminal and terminal levels in the deep cerebellar nuclei (Fig.
6A-C) suggesting that it initiates in these axons. Taken together, these data indicate that Dpl
triggers autophagy and apoptosis in Ngsk PrnP-/- PCs. As reflected by the abundance of
autophagosomes in the diseased Ngsk PCs, Dpl neurotoxicity induces a progressive dysfunc‐
tion of autophagy, as well as apoptosis. Whether this autophagy dysfunction triggers apoptotic
cascades or provokes autophagic cell death independent of apoptosis remains to be resolved.
In the Ngsk PrnP-/- PCs, the increased expression of LC3-II and p62 at the protein level, without
any change in mRNA levels, suggests that the ultimate steps of autophagic degradation are
impaired. This is further confirmed by the prominence of autophagolysosomes in these
neurons which indicate that the fusion of autophagosomes with lysosomes occurs normally,
but downstream, the autophagic flux is blocked.

To further investigate the neurodegenerative mechanisms induced by Dpl in Ngsk cerebellar
PCs, we are using an organotypic cerebellar culture system which allows an easier way to
approach mechanistic questions than in vivo models [236]. For this purpose, we have assessed
the growth and viability of PCs in cerebellar organotypic cultures from Ngsk and ZH-I PrnP-/-

mice using morphometric methods to measure PC survival and development [237]. The timing
and amplitude of PC growth impairment and neuronal death are similar in Ngsk and ZH-I
PrnP-/- cultures (Fig. 7). In addition, increased amounts of autophagic (LC3-II, Fig. 8) and
apoptotic (caspase-3, Fig. 9) markers are detected in protein extracts from both cultures
indicating that both apoptosis and autophagy (Fig. 2C, D) contribute to PC death in Ngsk [235]
and ZH-I cultures. This suggests that PrPC -deficiency, rather than Dpl expression, is respon‐
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well as PrnP-/- granule cells, has recently been shown to be inhibited by BAX deficiency or
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the number of surviving PCs is still lower than wild type levels and less than the number of
surviving PCs in Bax-/- mutants. This suggests that neuronal expression of Dpl activates both
BAX-dependent and BAX-independent pathways of cell death. Interestingly, a partial rescue
of Ngsk PrnP-/-PCs is observed in Ngsk PrnP-/--Hu-bcl-2 double mutant mice, in a proportion
similar to that found in Ngsk PrnP-/-:Bax-/- mice, strongly supporting the involvement of BCL-2-
dependent apoptosis in Dpl neurotoxicity [225]. The capacity of BCL-2 to apparently compen‐
sate for the deficit in PrPC by partially rescuing PCs from Dpl-induced death suggests that the
BCL-2-like property of PrPC may counteract Dpl-like neurotoxic pathway in wild-type
neurons. Although not exactly identical to BCL-2, PrPC may functionally replace BCL-2 as it
decreases in the aging brain [222]. The N-terminal domain of PrPC which is partially homolo‐
gous to the BH2 domain of BCL-2 family of proteins [226, 227] is probably responsible for the

Figure 5. Neuronal autophagy in cerebellar neurons of a clinically ill 22L-scrapie-infected mouse. A. Accumula‐
tion of autophagosomes (arrowheads) in a main dendrite of a Purkinje cell (PCD) in the cerebellar molecular layer. *,
parallel fibers. B. Autophagosomes (arrowheads) in presynaptic axon terminals (black asterisks) establishing synapses
(arrows) on postsynaptic Purkinje cell dendritic spines (s). C. An intact parallel fiber bouton (black asterisk) makes a
synapse (arrow) on a Purkinje cell spine (s) in the upper part of the picture and another parallel fiber bouton (black
asterisk) containing an autophagosome (arrowhead) makes a synapse (arrow) on a putative interneuron dendrite (d)
in the bottom of the picture. Scale bars = 500 nm.
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neuroprotective functions of PrPC because BAX-induced apoptosis cannot be counteracted by
N-terminally truncated PrP. BCL-2 antagonizes the pro-apoptotic effect of BAX by interacting
directly with this BH2 domain [228-230], and this domain is missing in both Dpl and the
neurotoxic mutated forms of PrP: ΔPrP [208, 214, 231] and Tg(PG14)PrP [232]. Interestingly,
expression of Dpl fused to a BH2-containing octapeptide repeat and the N-terminal half of the
hydrophobic region of PrPC makes cells resistant to serum deprivation [233]. Furthermore, N-
terminal deleted forms of PrPC have been reported to activate both BAX-dependant and BAX-
independant apoptotic pathways [231].

4.2.1. Autophagy in prion protein-deficient mice

The Dpl-activated, BAX-independent cell death mechanism may involve neuronal autophagy
as we have detected the expression of Scrg1, a novel protein with a potential link to autophagy
in the Ngsk PrnP-/-PCs (Fig. 4C), [181]. Both neuronal Scrg1 mRNA and protein levels are
increased in prion-diseased brains [179, 180], and Scrg1 is associated with dictyosomes of the
Golgi apparatus and autophagic vacuoles in degenerating neurons of scrapie-infected Scrg1-
overexpressing transgenic and WT mice (Fig. 4A, B), [181, 182]. Both before and during PC
loss, protein levels of Scrg1 and the autophagic markers LC3-II and p62 are increased in Ngsk
PrnP-/-PCs, whereas their mRNA expression is stable, suggesting that the degradation of
autophagic products is impaired in these neurons [234, 235]. Autophagic profiles collect in
somato-dendritic and axonal compartments of Ngsk PrnP-/- (Figs. 2B, 6), but not wild-type PCs.
The most robust autophagy occurs in dystrophic profiles of the PC axons in the cerebellar
cortex (Fig. 6D) and at their preterminal and terminal levels in the deep cerebellar nuclei (Fig.
6A-C) suggesting that it initiates in these axons. Taken together, these data indicate that Dpl
triggers autophagy and apoptosis in Ngsk PrnP-/- PCs. As reflected by the abundance of
autophagosomes in the diseased Ngsk PCs, Dpl neurotoxicity induces a progressive dysfunc‐
tion of autophagy, as well as apoptosis. Whether this autophagy dysfunction triggers apoptotic
cascades or provokes autophagic cell death independent of apoptosis remains to be resolved.
In the Ngsk PrnP-/- PCs, the increased expression of LC3-II and p62 at the protein level, without
any change in mRNA levels, suggests that the ultimate steps of autophagic degradation are
impaired. This is further confirmed by the prominence of autophagolysosomes in these
neurons which indicate that the fusion of autophagosomes with lysosomes occurs normally,
but downstream, the autophagic flux is blocked.

To further investigate the neurodegenerative mechanisms induced by Dpl in Ngsk cerebellar
PCs, we are using an organotypic cerebellar culture system which allows an easier way to
approach mechanistic questions than in vivo models [236]. For this purpose, we have assessed
the growth and viability of PCs in cerebellar organotypic cultures from Ngsk and ZH-I PrnP-/-

mice using morphometric methods to measure PC survival and development [237]. The timing
and amplitude of PC growth impairment and neuronal death are similar in Ngsk and ZH-I
PrnP-/- cultures (Fig. 7). In addition, increased amounts of autophagic (LC3-II, Fig. 8) and
apoptotic (caspase-3, Fig. 9) markers are detected in protein extracts from both cultures
indicating that both apoptosis and autophagy (Fig. 2C, D) contribute to PC death in Ngsk [235]
and ZH-I cultures. This suggests that PrPC -deficiency, rather than Dpl expression, is respon‐
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sible for the neuronal growth deficit and loss in these cultures. For presently unknown reasons,
the neurotoxic properties of Dpl do not seem to contribute to the degeneration of Ngsk PCs in
these organotypic cultures. As the neurotoxicity induced by Dpl takes about 6 months to
develop in vivo, it is possible that organotypic cultures are not mature enough to model 6-
month-old cerebellar tissue. Nevertheless, ex vivo cerebellar organotypic cultures do provide
a suitable system for analyzing the mechanisms underlying the neurotoxic effects of PrPC-
deficiency and prion infections [238] using pharmacological and siRNA-based approaches.

Our results have shown that PrPC has a neuroprotective role in cerebellar PCs. As PCs survive
in vivo in the cerebellum of the ZH-I mouse, the death of the ZH-I PCs in the organotypic

Figure 6. Neuronal autophagy in the cerebellar deep nuclei of a prion protein-deficient Ngsk Prnp0/0 mouse.A.
A presynaptic terminal of a Purkinje cell axon (PCA) establishes symmetric synapses on a postsynaptic dendrite from a
neuron of the interpositus deep cerebellar nucleus (DCN) and contains an autophagosome (*). B. A double membrane
wrap sequesters autophagosomes (*) in a Purkinje cell axon varicosity (PCA) symmetrically synapsing (arrows) on den‐
drites from neurons of the dentate deep cerebellar nucleus (DCN). C. Mitophagy by double membranes wrapping
around mitochondria (m) in a Purkinje cell presynaptic axon terminal (PCA) making symmetric synapses (arrows) on
postsynaptic dendrites from dentate deep nuclear neurons (DCN). D. Dystrophic Purkinje cell axon (PCA) filled with
electron-dense autophagic profiles in the cerebellar internal granular layer. Scale bars = 500 nm in A-C, 2 µm in D.
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cultures is likely to stem from the inherent stress of the ex vivo conditions. As mentioned above,
PrPC negatively regulates autophagy as demonstrated by the upregulation of autophagy
following serum deprivation in PrnP-/- hippocampal neurons when compared to PrPC-
expressing neurons [187]. Recent results suggest that PrPC can directly modulate autophagic
cell death. Using antisens oligonucleotides targeting the Prnp transcript, the downregulation
of PrPC expression in glial and non-glial tumor cells induces autophagy-dependent, apoptosis-
independent cell death [239]. Previous data have shown that PrPC acts as a SOD [240] and
modulates the activity of Cu/Zn SOD by binding 5 Cu++ ions on its N-terminal octapeptide
repeat domain [153, 157, 241]. A recent study of the effects of H2O2-induced oxidative stress
on hippocampal neurons expressing PrPC or deficient in PrPC provides further support for the
protective role of PrPC against oxidative stress [242]. Although autophagy and apoptosis occur
in both lines, the Prnp-/- neurons are less resistant to H2O2-induced oxidative stress than the
Prnp+/+ neurons confirming the anti-oxidant activity of PrPC.

Furthermore, autophagy is more enhanced in Prnp-/- neurons than in Prnp+/+ neurons. In the
latter, this is due to H2O2-induced enhancement of autophagic flux, and in the former due to
H2O2-induced impairment of autophagic flux. Similarly, experiments using Atg7 siRNA to
inhibit autophagy have revealed that the increased autophagic flux in Prnp+/+ neurons protects
against H2O2 cytotoxicity. Thus a deficiency in Prnp may impair autophagic flux via H2O2-

Figure 7. Purkinje cell loss in cerebellar organotypic cultures from wild-type and Prnp-deficient mice. PCs
stained for calbindin by immuno-fluorescence were counted. This analysis reveals similar, significant reductions in the
number of PCs between DIV5 and DIV7 for Ngsk Prnp-/- (53.5%) and ZH-I Prnp-/- (59%) cultures. During this period, the
number of PCs in wild-type cultures is stable (p > 0.05). Although the number of PCs is not significantly different be‐
tween genotypes at DIV5, by DIV7 there are similar decreases in mutant organotypic cultures (Ngsk: 67.8% and ZH-I:
69%) compared to wild-type cultures (two-way ANOVA followed by post-hoc Tukey test; * p < 0.001).
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expressing neurons [187]. Recent results suggest that PrPC can directly modulate autophagic
cell death. Using antisens oligonucleotides targeting the Prnp transcript, the downregulation
of PrPC expression in glial and non-glial tumor cells induces autophagy-dependent, apoptosis-
independent cell death [239]. Previous data have shown that PrPC acts as a SOD [240] and
modulates the activity of Cu/Zn SOD by binding 5 Cu++ ions on its N-terminal octapeptide
repeat domain [153, 157, 241]. A recent study of the effects of H2O2-induced oxidative stress
on hippocampal neurons expressing PrPC or deficient in PrPC provides further support for the
protective role of PrPC against oxidative stress [242]. Although autophagy and apoptosis occur
in both lines, the Prnp-/- neurons are less resistant to H2O2-induced oxidative stress than the
Prnp+/+ neurons confirming the anti-oxidant activity of PrPC.

Furthermore, autophagy is more enhanced in Prnp-/- neurons than in Prnp+/+ neurons. In the
latter, this is due to H2O2-induced enhancement of autophagic flux, and in the former due to
H2O2-induced impairment of autophagic flux. Similarly, experiments using Atg7 siRNA to
inhibit autophagy have revealed that the increased autophagic flux in Prnp+/+ neurons protects
against H2O2 cytotoxicity. Thus a deficiency in Prnp may impair autophagic flux via H2O2-

Figure 7. Purkinje cell loss in cerebellar organotypic cultures from wild-type and Prnp-deficient mice. PCs
stained for calbindin by immuno-fluorescence were counted. This analysis reveals similar, significant reductions in the
number of PCs between DIV5 and DIV7 for Ngsk Prnp-/- (53.5%) and ZH-I Prnp-/- (59%) cultures. During this period, the
number of PCs in wild-type cultures is stable (p > 0.05). Although the number of PCs is not significantly different be‐
tween genotypes at DIV5, by DIV7 there are similar decreases in mutant organotypic cultures (Ngsk: 67.8% and ZH-I:
69%) compared to wild-type cultures (two-way ANOVA followed by post-hoc Tukey test; * p < 0.001).
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induced oxidative stress contributing to autophagic cell death [242]. Since autophagic flux is
apparently normal in both Prnp+/+ and Prnp-/- neurons in the absence of stress, the lack of
PrPC only seems to contribute to autophagy impairment under stress-induced conditions, such
as H2O2 treatment [242], stress-inducing in vitro conditions, as well as Dpl-induced toxicity.

A 

B 

Figure 8. A. Western blot of the autophagic marker LC3B-II, in extracts prepared from organotypic cultures from wild-
type, Ngsk and ZH-I Prnp-/- mouse cerebellum at DIV3, 5 and 7. Actin was used as a loading control. B. Autophagy was
measured by quantifying the ratio of the band intensities of LC3B-II and LC3B-I (n ≥ 3 mice) which reflects the amount
of autophagosomes. Compared to wild-type cultures, this ratio increases in mutant cultures at DIV5 suggesting en‐
hanced autophagy and then decreases at DIV7 probably as a result of either autophagic degradation or PC death
(Kruskal-Wallis test followed by post-hoc Tukey test; * p < 0.05).

Figure 9. Western blot of the pro-apoptotic activated caspase-3. Activated caspase-3 is detected in extracts of or‐
ganotypic cultures from Ngsk and ZH-I Prnp-/- mouse cerebellum, but not from wild-type mouse cerebellum. Actin
serves as a loading control.

Autophagy - A Double-Edged Sword - Cell Survival or Death?398

4.2.2. Prion protein PrP-doppel Dpl chimeras

When overexpressed ectopically in neurons, mutations within the central region of PrPC are
associated with severe neurotoxic activity, similar to that of Dpl [231, 243]. The absence of these
segments, called central domains (CD) is believed to be responsible for neurodegeneration and
ataxia. To understand the dual neurotoxicity vs. neuroprotective roles of PrPC, transgenic mice
expressing a fusion protein made of the CD of PrPC inserted within the Dpl sequence have
been generated [244]. These mice failed to develop typical Dpl-mediated neurological disorder
indicating that this N-terminal portion of PrPC reduces Dpl toxicity. To further investigate Dpl-
like neurotoxicity, Lemaire-Vieille et al. recently generated lines of transgenic mice expressing
three different chimeric PrP-Dpl proteins [245]. Chi1 (Dpl 1-57 replaced with PrP 1-125) and
Chi2 (Dpl 1-66 replaced with PrP1-134) abrogates the pathogenecity of Dpl confirming the
neuroprotective role of the PrP 23-134 N-terminal domain against Dpl toxicity. However, when
Dpl 1-24 were replaced with PrP 1-124, these Chi3 transgenic mice that express a very low level
of the chimeric protein develop ataxia, as early as 5 weeks of age. This phenotype is only
rescued by overexpressing PrPC, and not by a single copy of full-length PrPC, indicating the
strong toxicity of the chimeric protein Chi3. The Chi3 mice exhibit severe cerebellar atrophy
with significant granule cell loss and prominent signs of autophagy in PCs (Fig. 2E). We
conclude that the first 33 amino acids of Dpl, that are absent in Chi1 and Chi2 constructs, confer
toxicity to the protein. This is confirmed in vitro by the highly neurotoxic effect of the 25-57
Dpl peptide on mouse embryo cortical neurons. Since this chimeric transgene is not expressed
by PCs in the transgenic mice expressing Chi3, the signs of autophagy displayed by these
neurons in vitro could result from the neurotoxic effect of the exogenous Chi3 chimeric protein,
as well as the deleterious effect of losing their primary afferences (i.e. the granule cells).

5. Perspectives

The beneficial effects that autophagy has on prion infections is currently supported by a
growing bulk of evidence from in vivo and ex vivo data and is strongly promising for future
mid-term therapeutic approaches. To further understand the fascinating interplay between
autophagy and PrDs, further investigations are necessary to decipher their molecular interac‐
tions. Important issues remain. How are the different phases of prion infection physiopathol‐
ogy i.e. propagation, trafficking, recycling and clearance connected with autophagy? Which
autophagic pathways are activated by prions - the mTOR-dependent, mTOR-independent or
both? The biological function of autophagy per se in prion infection is obscure as the cellular
levels of autophagy can apparently modify cell susceptibility to prion infection, although
changes in autophagy may be a pre-requisite or a consequence of a prion infection.

Overall, the results point to a need to counteract cell stress and to eliminate toxic aggregate-
prone proteins that eventually saturate the usual degradation pathways, including autophagy.
These are common features of prion disesase and most of the other neurodegenerative diseases
described in this review. Saturation of the autophagic machinery, loss or imbalance of
autophagic flux is believed to lead to neurodegeneration. Understanding how autophagy
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relates to these diseases is a first step for developing autophagy modulation-based therapies
for treating neurological disorders. This implies therapeutic consideration for each type of
autophagic default at a precise step of the neurodegenerative disease concerned.
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1. Introduction

The process of cell death is implicated in several other processes, such as tissue homeostasis,
embrionary development, and the elimination of unwanted cells. Programmed cell death is
classified first according to the morphological characteristics of the cells observed, and then
by the molecular machinery involved in the process. To date, programmed cell death is known
to involve apoptosis and autophagy, two processes with different morphological and molec‐
ular characteristics.

In mammals, germinal cells are contained in the follicles, specialized structures that develop
through several phases of maturation. During follicular growth, cell proliferation and cell death
are present simultaneously. During ovarian follicular development, the follicles not selected for
the ovulation process are physiologically eliminated. Several studies have shown that in
mammalian ovaries follicular atresia is governed by granulosa cell apoptosis (Manabe et al., 2004);
however, recent evidence from studies of pre-pubertal (Ortíz et al., 2006; Escobar et al., 2008 and
2010) and adult rats (Escobar et al., 2012) shows that autophagy is an alternative route taken by
some germinal cells to induce follicular atresia in the ovary. The emerging importance of
autophagy in cellular elimination in the mammalian ovary is a very interesting development.

2. Autophagy as a cell death program

Autophagy is an evolutionary process that eliminates damaged cellular proteins and organ‐
elles (Ferraro and Cecconi, 2007). It also plays an important role in bioenergetic management
during periods of starvation (Othman et al., 2009), and is the major pathway for the degrada‐
tion and recycling of intracellular contents.

© 2013 Escobar et al.; licensee InTech. This is an open access article distributed under the terms of the
Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits
unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.
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The autophagy process occurs at a basal level in normal cells under certain adverse conditions,
such as starvation, low oxygen levels, and growth factor withdrawal, among others. Under
these conditions, autophagy functions as a cytoprotective program that helps maintain cellular
homeostasis by recycling the cytoplasmic contents. Another function of autophagy is to
eliminate damaged organelles so as to maintain correct cellular functions. Thus, all the features
of autophagy in cells perform cytoprotective functions.

In eukaryotic cells, autophagy has been characterized according to the way in which it is carried
out: microautophagy, chaperone-mediated autophagy, and macroautophagy (Klionsky, 2006;
Massey et al., 2005). In microautophagy, the lysosomal surface directly engulfs the cytoplasm that
is to be degraded (Figure 1A). In chaperone-mediated autophagy, the material to be degraded
crosses the lysosomal membrane directly (Figure 1B), while macroautophagy, commonly referred
to simply as autophagy, is characterized by a double-membrane vesicle (Figure 1C) that enclo‐
ses (sequesters) organelles and portions of the cytosol (reviewed in Yang and Klionsky, 2009).

Figure 1. Schematic drawing of autophagic routes. A) Microautophagy: the cytoplasmic contents is directly enclosed
by direct invagination from the lysosomal membrane. B) Chaperone-mediated autophagy: the components to be de‐
graded are selectively transported toward the lysosome after interacting with the chaperone hsc70. C) Macroautoph‐
agy (commonly called autophagy): the autophagosome containing various cytosolic proteins fuses with lysosomes;
subsequently, the contents of the autophagosome is degraded by the lysosomal enzymes.

Autophagy - A Double-Edged Sword - Cell Survival or Death?424

Morphologically, autophagy is evidenced by the presence of autophagic vesicles, character‐
ized by a double membrane structure. In mammalian cells, autophagy is initiated by the
formation or elongation of the isolation membrane, also called a phagophore. Autophagy
entails a sequence of events that includes sequestering the cytoplasmic contents in the double
membrane vesicle. Once formed, the autophagosomes are conducted toward lysosomes to
constitute the autolysosomes in which the sequestered cellular material is degraded. To avoid
degradation itself, the lysosomal membrane is enriched by specific membrane proteins called
lysosomal associated membrane proteins (Lamp1 and Lamp2) (Fukuda, 1991).

Though autophagy was first identified in mammalian cells, its molecular characteristics were
discovered in yeast. Identification of the participation of the autophagy Atg genes and the
subsequent documentation of their homologues in mammals (Yang and Klionsky, 2009) made
it possible to determine the molecular machinery involved in the formation and maturation
of autophagosomes. TOR kinase is considered an important element in autophagy. When TOR
is inhibited under stress conditions, autophagy is induced upon the activation of this kinase;
then Atg13 is quickly dephosphorylated, causing a higher affinity for Atg1 and Atg17 that
results in an increase in the activity of the Atg1 protein kinase (Kamada et al., 2000; Kabeya et
al., 2005). Atg1 kinase plays a pivotal role in controlling autophagy, and its activity is required
for the switch from cytoplasm formation to vacuole targeting vesicles (Cvt) and the emergence
of autophagosomes (Scott et al., 1996; Matsuura et al., 1997). In mammals, the microtubule-
associated protein 1 light chain 3 (LC3) homolog of the Atg8 yeast is an important protein
involved in the autophagy process. LC3 is present in autophagosomes and is synthetized in
an inactive form called LC3-I, which is later converted into an active membranous form: LC3-
II, the lapidated form, which means that it bonds to phosphatidylethanolamine (Wang et al.,
2009; Maiuri et al., 2007). LC3 is lapidated via an ubiquitylation-like system that is targeted to
the early autophagosome membrane (Kabeya et al., 2004).

During autophagy induction, LC3 is converted from the LC3-I to the LC3-II form. It has been
suggested that the amount of LC3-II correlates to the number of autophagosomes present.
Autophagy is involved in stress response, developmental remodeling, organelle homeostasis,
and disease pathophysiology, and this process may also be used as a host-cell response against
bacteria and viruses (reviewed in Kindergaar, 2004).

Additionally,  it  has  been suggested that  the effects  of  autophagy can be either  deleteri‐
ous or protective, depending on the specific cellular context and the stage of the patholog‐
ical  process (reviewed in Rubinsztein et  al.,  2005).  At present,  we know that autophagy
functions as a form of programmed cell  death, classified as type II.  One essential differ‐
ence  between  physiological  autophagy  and  autophagic  cell  death  is  that  the  levels  of
autophagy in dying cells are excessive. The role of autophagy as a process of cell death is
interesting  because  it  has  been  observed  under  certain  experimentally  manipulated
systems. When the pro-apoptotic proteases are inhibited, autophagic levels increase (Yu et
al,  2004).  Some neurodegenerative diseases,  such as  Parkinson’s  disease,  have also been
associated with the autophagic cell  death process (Anglade et  al.,  1997),  and autophagic
cell death has been observed as well in remodeling tissues.
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Figure 2. Electron microscopy showing an autophagosome. The arrow points to the two lipid bilayers that surround
the cytoplasmatic content. Scale bar 100 nm.

Morphological evidence of autophagy has been found in electron microscopy studies that have
shown vesicular structures surrounded by two lipid layers known as autophagosomes (Figure
2). Autophagosomes may contain cytoplasm and cytoplasmic organelles, such as mitochondria
and peroxisomes, etc. Autophagy can be evidenced by the immune-microscopic localization
of the proteins involved in this process, including LC3/Atg8, or the Lamp1 proteins (Figure 3).

Figure 3. Immunodetection of Lamp1 and LC3. Confocal observations of cellular fractions: DAPI is evident in the nu‐
cleus (arrows). The green punctuate fluorescence distinguishes the cytoplasmatic localization of the Lamp1 and LC3
proteins. Scale bar 10 microns.

Autophagy - A Double-Edged Sword - Cell Survival or Death?426

The role of autophagy as a process of cell death in diverse pathologies, including cancers, has
been evaluated widely, but the results from the different studies are somewhat controversial,
because at first autophagy functions as a pro-survival strategy, as in the case of tumor cells
under certain stimuli; for example, low oxygen or a lack of nutrients (Lefranc et al., 2007). But
cancer cells can also use autophagy as a strategy for evading cell death and a means of adapting
to an adverse environment. On the other hand, under certain conditions, tumor cells use
autophagy as a mechanism of cell death.

3. Follicular atresia

In mammals, the ovary is a paired organ whose principal functions are oocyte production and
hormone synthesis. Structurally, the ovary is made up of a medulla and a cortical region where
the follicles are generally located. The mammalian ovary is the site of oocyte maturation, which
takes place inside a complex structure, the follicle, which is made up of a germinal cell –the
oocyte– surrounded by somatic granulosa cells.

Follicles go through several steps before attaining maturation. During this process, various
morphological and functional changes occur in the follicle that have led to its development
being classified in stages: primordial, primary, secondary, early antral, and antral, according
to the number of granulosa layers that surround the oocyte, the size of the follicle, and the
presence of the antrum.

Primordial follicles consist of a single flattened cell layer surrounding the oocyte (Figure 4A).
In a primary follicle, the granulosa cells around the oocyte acquire a cubical shape in a single-
layer cell (Figure 4B). Secondary follicles are characterized by the presence of two or more
granulosa cell layers (Figure 5). In this stage, the oocyte increases in size and the granulosa cell
layers emerge through intensive proliferation that leads to the formation of the theca interna
cell layer (Knight and Glister, 2006). In the secondary follicular phase, the specialized structure
associated with the oocyte, called the zona pellucida, is completely discernible. Early-antral
and antral follicles (Figure 6) are characterized by the development of a fluid-filled space
among the granulosa cells that forms the antral cavity. Granulosa cells are in intercellular
contact with neighboring cells via gap junctions (Figure 7), which allow metabolic exchange
and the transport of molecules between follicular cells.

During the follicular maturation process, only a few follicles are selected for ovulation, while
more than 99% are eliminated via a process denominated follicular atresia (Kaipia and Hsueh,
1977). In ovarian physiology, follicular atresia is a key mechanism for removing the follicles
that are not selected for ovulation.

Numerous morphological and biochemical studies have revealed the frequent participation
of apoptosis in follicular atresia; indeed, apoptosis came to be considered the cellular route
that underlies this process. In caprine ovaries, ultrastructural changes in the granulosa cells
show the classic morphological characteristics of apoptosis (Sharma and Bardwaj, 2009).
Several pro-apoptotic factors have been identified in granulosa cells, including the FasL-Fas
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system, TNF-a, and members of the Bcl-2 family of proteins (reviewed in Matsuda et al.,
2006). In fact, follicular atresia has been attributed to the alteration of granulosa cells, since
studies have demonstrated that these cells synthetize molecules that are essential for follicular
maintenance and growth. Furthermore, the death of granulosa cells due to an apoptotic process
results in follicular elimination (Matsuda et al., 2012).

Figure 4. Histological images of a rat ovary. The dotted squares are magnified in the right panel. A) Primordial follicles with
flattened pre-granulosa cells. B) Primary follicle with a single layer of cubical granulosa cells. Scale bars 20 microns.

Autophagy - A Double-Edged Sword - Cell Survival or Death?428

Figure 5. Secondary follicle. The oocyte is surrounded by several layers of granulosa cells. Scale bar 50 microns.

Figure 6. Histological images of a rat ovary. A) Early antral follicle: The arrows show the growing spaces that will form
the antral cavity. B) Antral follicle: The arrow points to the antral cavity. Scale bars 50 microns.

4. Granulosa cell death via autophagy

While numerous studies have shown that the process of granulosa cell death is carried out
mainly by apoptosis (Feranil et al. 2005; Hurst et al. 2006; Matsuda-Minehata et al. 2006, Lin
and Rui, 2010), in some conditions autophagy may be induced in granulosa cells by the process
of apoptosis, a process that in rat ovaries is gonadotropin-dependent. These results suggest
that both apoptosis and autophagy are gonadotropin-dependent in rat ovaries, and that both
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processes are involved in regulating granulosa cell death during ovarian follicular develop‐
ment and atresia (Choi et al., 2010). Despite the obvious differences between apoptosis and
autophagy, they are now thought to represent points on a continuum of mechanisms of cell
death, because the induction of apoptotic cell death is regulated by the process of autophagy.
Autophagic cell death is induced by inhibiting the accumulation of autophagosomes in various
carcinoma cells, which suggests that the autophagic process may prevent apoptotic death.

Figure 7. Gap junctions between granulosa cells and the oocyte. A) Optical micrograph showing granulosa cells in
strong contact with the oocyte (arrowheads). B) Electron micrograph showing the gap junctions of granulosa cells and
the oocyte (arrowheads). Scale Bars: A-50 microns; B-100 nanometers.

In order to investigate the involvement of autophagy in folliculogenesis,  and its correla‐
tion  with  apoptosis,  isolated  rat  granulosa  cells  from  immature  animals  primed  with

Autophagy - A Double-Edged Sword - Cell Survival or Death?430

pregnant mare serum gonadotropin were studied. LC3 and autophagic vacuoles were used
as markers of autophagy, while cleaved caspase-3 served as the marker of apoptosis.  In
these conditions, LC3 was expressed by isolated granulosa cells in all developmental stages,
and showed a similar expression pattern to the cleaved caspase-3. These results indicate
that  autophagy is  induced in  granulosa  cells  during  folliculogenesis  in  correlation  with
apoptosis (Choi et al., 2010).

In the human ovary, lectin-like oxidized low-density lipoprotein (LOX) is localized in regress‐
ing antral follicles. Treatment with oxLDL (oxidized low-density lipoprotein) causes autoph‐
agy in granulosa cells. The process of cell death is characterized by the reorganization of the
actin cytoskeleton, abundant vacuoles, autophagosome formation, the absence of apoptotic
bodies, and cleaved caspase-3; thus, the reduction of granulosa cells may be mediated by
autophagy (Duerrschmidt et al. 2006).

5. Oocyte cell death via autophagy

During the first two trimesters of pregnancy, the number of oocytes in human fetal ovaries
increases from approximately 7,200 to 4,933,000 (Mamsen et al., 2011). However, oocyte death
begins during the fetal and perinatal stages and continues in newborn, pre-pubertal (Hulas-
Stassiak and Gawron, 2011) and adult mammals.

Autophagy is not only a process of cell death; it is also required for cells to survive in conditions
of nutrient depletion (Han et al. 2011). Moreover, in murine ovaries it is a cell survival
mechanism that maintains the endowment of female gem cells prior to establishing primordial
follicle pools (Gawriluk et al. 2011). Several genes have been described as regulators of
autophagy; many of them have been conserved from yeast to mammals. In vertebrates,
autophagic defects may be lethal if the mutated gene is involved in the early stages of devel‐
opment. However, in different eukaryotes autophagy seems to be crucial during embryogen‐
esis in a way that parallels apoptosis. The earliest autophagic event in mammalian
development is observed in fertilized oocytes (Mizushima and Levine, 2010). The identification
of ATG genes that mediate the initiation and assembly of autophagosomes and their fusion
with lysosomes to form autolysosomes brought important advances in our understanding of
the various functions of autophagy (Randall-Armant, 2011).

Thus, autophagy seems to be crucial during embryogenesis by acting in tissue remodeling,
parallel to apoptosis (Di Bartolomeo et al., 2010). Studies in different organisms indicate that
the autophagy pathway in the amoeba Dictyostelium discoideum is much more similar to that
of mammalian cells than that of S. cerevisiae, despite its earlier evolutionary divergence. This
indicates that in mammals the autophagic pathway is much older than was previously thought
(King, 2012). MicroRNAs are involved in autophagy and are also important regulators of the
crosstalk between autophagy and apoptosis (Xu et al. 2012).

ATG genes are also essential for the autophagic pathway in mammalian development
(Mizushima and Levine 2010). The oocyte-specific deletion of Atg5, which removes the
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processes are involved in regulating granulosa cell death during ovarian follicular develop‐
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Autophagic cell death is induced by inhibiting the accumulation of autophagosomes in various
carcinoma cells, which suggests that the autophagic process may prevent apoptotic death.

Figure 7. Gap junctions between granulosa cells and the oocyte. A) Optical micrograph showing granulosa cells in
strong contact with the oocyte (arrowheads). B) Electron micrograph showing the gap junctions of granulosa cells and
the oocyte (arrowheads). Scale Bars: A-50 microns; B-100 nanometers.
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maternal stores of this protein, produces oocytes that fail to develop past the eight-cell stage,
thus demonstrating that autophagy is required during pre-implantation development
(Randall Armant 2011). An important increase in the number of autophagosomes takes place
immediately after fertilization, which shows the need for autophagosomes after fertilization,
in all likelihood to destroy the existing proteins and provide amino-acids for subsequent
development (Randall Armant 2011).

In 1-to-28-day-old –i.e., newborn to pre-pubertal– rats, numerous follicles undergo atresia and
oocytes are eliminated by processes that include, simultaneously, features of both apoptosis
and autophagy. Elements of apoptosis are present in adjacent sections of the same dying
oocyte, in the form of active caspase-3 and DNA breaks, as well as large increases of the Lamp1
protein and acid phosphatase, which are present in autophagosomes (Escobar et al., 2008;
Escobar et al., 2010). Studies carried out in adult rats have also demonstrated that in all phases
of the estrous cycle oocytes die by processes involving features of apoptosis and autophagy
simultaneously (Escobar et al., 2012). Morphological changes in atretic oocytes include
vacuolization of the cytoplasm, condensation of the mitochondria and segmentation, altera‐
tions that are not involved in classic apoptosis (Devine et al. 2000). These analyses were carried
out using classic markers of apoptosis, such as the TUNEL reaction that reveals DNA frag‐
mentation, immunolocalization of active caspase-3, and markers of autophagy like a large
increase of acid phosphatase, lysosomal hydrolase, and immunodetection of Lamp1, a protein
of the lysosomal membrane. These markers are located in the same regions of the oocyte’s
cytoplasm that present clear vacuoles which correspond to the autophagosomes that became
visible using adjacent, semi-thin sections of the same oocyte (Escobar et al., 2008).

In newborn and pre-pubertal spiny mouse oocytes, follicular atresia was studied using
markers of apoptosis like the TUNEL reaction, which demonstrate DNA fragmentation and
active caspase-3, as well as with markers of autophagy, such as immunodetection of Lamp1.
Numerous small clear vacuoles, autophagosomes and Lamp1 staining were found in all follicle
types, especially in primordial and primary samples (Figure 8). Active caspase-3 and the
TUNEL reaction were detected only in the granulosa cells, showing that both apoptosis and
autophagy are involved in follicular atresia, and that these processes are both cell- and
developmental-stage specific (Hulas-Stasiak and Gawron, 2011).

Follicular atresia has also been studied in fish ovaries during early and advanced stages of
follicular regression. The main events assessed using light microscopy were splits in the zona
radiata, yolk degradation and reabsorption, hypertrophy of follicular cells and the accumula‐
tion of autophagy vacuoles. Labeling for Bcl-2 and cathepsin-D was pronounced in follicular
cells when they were involved in yolk phagocytosis. Immunofluorescence for Beclin-1 was
significant in the follicular cells that often surround autophagic vacuoles during the advanced
stages of follicular regression. TUNEL-positive reactions and immunostaining for Bax and
caspase-3 showed the participation of apoptosis in advanced stages of follicular regression.
These observations show that both autophagy and apoptosis are activated in some stages of
follicular regression in fish ovaries (Morais et al., 2012). Inhibition of the increase of prolifer‐
ating cell nuclear antigen (PCNA) markedly reduces the apoptosis of oocytes and down-
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regulates known pro-apoptotic genes, such as Bax, caspase-3, and TNFα, while up-regulating
known anti-apoptotic genes like Bcl-2 (Xu et al. 2011).

Retraction of the prolongations of the granulosa cells that normally contacts the surface of
the  oocyte  is  one  of  the  early  signs  of  follicular  atresia  (Devine  et  al.  2000).  Numerous
unpublished observations by the authors  of  this  chapter  show that  the microvilli  of  the
oocyte are elongated after retraction of the prolongations of the granulosa cells during the
process of atresia (Figure 9).

Figure 8. Primordial follicle. The cytoplasm has numerous vacuoles with cytoplasmic contents in different degrees of
degradation. Scale bar 2 microns.
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of the lysosomal membrane. These markers are located in the same regions of the oocyte’s
cytoplasm that present clear vacuoles which correspond to the autophagosomes that became
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active caspase-3, as well as with markers of autophagy, such as immunodetection of Lamp1.
Numerous small clear vacuoles, autophagosomes and Lamp1 staining were found in all follicle
types, especially in primordial and primary samples (Figure 8). Active caspase-3 and the
TUNEL reaction were detected only in the granulosa cells, showing that both apoptosis and
autophagy are involved in follicular atresia, and that these processes are both cell- and
developmental-stage specific (Hulas-Stasiak and Gawron, 2011).

Follicular atresia has also been studied in fish ovaries during early and advanced stages of
follicular regression. The main events assessed using light microscopy were splits in the zona
radiata, yolk degradation and reabsorption, hypertrophy of follicular cells and the accumula‐
tion of autophagy vacuoles. Labeling for Bcl-2 and cathepsin-D was pronounced in follicular
cells when they were involved in yolk phagocytosis. Immunofluorescence for Beclin-1 was
significant in the follicular cells that often surround autophagic vacuoles during the advanced
stages of follicular regression. TUNEL-positive reactions and immunostaining for Bax and
caspase-3 showed the participation of apoptosis in advanced stages of follicular regression.
These observations show that both autophagy and apoptosis are activated in some stages of
follicular regression in fish ovaries (Morais et al., 2012). Inhibition of the increase of prolifer‐
ating cell nuclear antigen (PCNA) markedly reduces the apoptosis of oocytes and down-
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regulates known pro-apoptotic genes, such as Bax, caspase-3, and TNFα, while up-regulating
known anti-apoptotic genes like Bcl-2 (Xu et al. 2011).

Retraction of the prolongations of the granulosa cells that normally contacts the surface of
the  oocyte  is  one  of  the  early  signs  of  follicular  atresia  (Devine  et  al.  2000).  Numerous
unpublished observations by the authors  of  this  chapter  show that  the microvilli  of  the
oocyte are elongated after retraction of the prolongations of the granulosa cells during the
process of atresia (Figure 9).

Figure 8. Primordial follicle. The cytoplasm has numerous vacuoles with cytoplasmic contents in different degrees of
degradation. Scale bar 2 microns.
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Figure 9. Retraction of the prolongation of the granulosa cells. The arrows point to several microvilli of the oocyte
that are elongated after retraction of the prolongations of granulosa cells during atresia. Zp: zona pellucida. Scale
bars: A-2 microns; B-500 nanometers.

6. Autophagic cell death in corpus luteum regression

The corpus luteum is a transitory ovarian structure formed by cells of the ovulated follicle
(figure 10). After an initial proliferation of granulosa cells and closing of the antral cavity,
capillaries and theca cells invade the region that was once the granulosa layer of the follicle.
During its life span, the corpus luteum undergoes a period of rapid growth that involves
hypertrophy, proliferation and differentiation of steroidogenic cells with extensive angiogen‐
esis. After that, it engages in a large production of steroids. Growth factors including insulin-
like factor, vascular endothelial growth factor and fibroblast growth factor are important for
the development and completion of the dense network of capillaries during the formation of
the corpus luteum (Berisha and Schams 2005). There is evidence to suggest that the luteinizing
hormone, growth hormones and local regulators such as growth factors, peptides, steroids and
prostaglandins are all important regulators of the luteal function. During early corpus luteum
development, and up to the mid-luteal stage, oxytocin, prostaglandins and progesterone itself
stimulate luteal cell proliferation and functioning, supported by the luteotropic action of
several growth factors. High mRNA expression, protein concentration and localization of
vascular endothelial growth factor, fibroblast growth factor and members of the family of
insulin-like growth factors suggest that they play important roles in the maintenance of the
corpus luteum. Progesterone regulates the length of survival of the corpus luteum (Berisha
and Shams 2005). In addition, progesterone increases Bcl-2 expression in different stages of
the estrous cycle. Treatment of luteal cells with progesterone and prostaglandin PGE2 for 24
hours decreased active caspase-3, while aminoglutethimide, spermine and staurosporine
increased caspase-3 activity in luteal cells. These results suggest that progesterone concentrates
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in luteal cells to protect against apoptosis, while disruption of steroidogenesis and the reduced
ability of luteal cells to produce progesterone can induce cell death (Liszewska et al. 2005).

Figure 10. Corpus luteum from a rat ovary. The arrow points to a secondary follicle. Scale bar: 50 microns.

In non-fertile cycles, uterine release of prostaglandin (PG)F(2a) initiates a cascade of events
that result in a rapid loss of steroidogenesis and destruction of the luteal tissue (Pate et al.
2012). Periodically, the corpus luteum regresses (luteolysis) and numerous luteal cells undergo
cell death processes, mainly through apoptosis and autophagy.

Studies on the role of autophagy in corpus luteum regression have shown an increase of the
protein microtubule-associated protein light chain 3 (LC3), a marker of autophagy. Apoptosis
was evaluated by measuring cleaved caspase-3 expression (Choi et al. 2011). LC3 expression
increases slightly from the early to the mid-luteal stage in steroidogenic cells. The expression
levels of the membrane form of LC3 (LC3-II) also increase during luteal stage progression. In
the same period, the expression of cleaved caspase-3 also increases. LC3-II expression rises, as
do the levels of active caspase-3 in luteal cells cultured with prostaglandin F(2α), which is
known to induce corpus luteum regression. These facts suggest that autophagy of luteal cells
is directly involved in corpus luteum regression, and correlates with an increase of apoptosis
(Choi et al. 2011). When autophagosome degradation by fusion with lysosomes was inhibited
using bafilomycine A1 (Baf A1) increased apoptotic cell death. Moreover, inhibition of
autophagosome formation using 3-methyladenine decreased apoptosis and cell death,
suggesting that the accumulation of autophagosomes induces luteal cell apoptosis. The
accumulation of autophagosomes increased apoptotic luteal cell death via an increase in the
Bax/Bcl-2 ratio and subsequent caspase activation. Therefore, autophagy plays an important
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2012). Periodically, the corpus luteum regresses (luteolysis) and numerous luteal cells undergo
cell death processes, mainly through apoptosis and autophagy.

Studies on the role of autophagy in corpus luteum regression have shown an increase of the
protein microtubule-associated protein light chain 3 (LC3), a marker of autophagy. Apoptosis
was evaluated by measuring cleaved caspase-3 expression (Choi et al. 2011). LC3 expression
increases slightly from the early to the mid-luteal stage in steroidogenic cells. The expression
levels of the membrane form of LC3 (LC3-II) also increase during luteal stage progression. In
the same period, the expression of cleaved caspase-3 also increases. LC3-II expression rises, as
do the levels of active caspase-3 in luteal cells cultured with prostaglandin F(2α), which is
known to induce corpus luteum regression. These facts suggest that autophagy of luteal cells
is directly involved in corpus luteum regression, and correlates with an increase of apoptosis
(Choi et al. 2011). When autophagosome degradation by fusion with lysosomes was inhibited
using bafilomycine A1 (Baf A1) increased apoptotic cell death. Moreover, inhibition of
autophagosome formation using 3-methyladenine decreased apoptosis and cell death,
suggesting that the accumulation of autophagosomes induces luteal cell apoptosis. The
accumulation of autophagosomes increased apoptotic luteal cell death via an increase in the
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role in regulating apoptotic luteal cell death by controlling the Bax-to-Bcl-2 ratio and the
subsequent activation of caspases. These experimental results indicate that autophagy is
involved in rat luteal cell death through apoptosis, and that it is most prominent during corpus
luteum regression (Choi et al. 2011).

Luteal cell regression during the normal postpartum involution of the corpora lutea is
characterized by a large increase in the number of lysosomes and the appearance of numerous
double-walled autophagic vacuoles, which become evident under electron microscope
cytochemistry (Paavola, 1978).

Compelling evidence indicates that both apoptotic and autophagic cell death programs are
involved in corpus luteum regression in primates. Beclin-1, an autophagy-related protein, is
involved in the relation between apoptosis and autophagy through interaction with the anti-
apoptotic protein Bcl-2. In ovarian follicles, Beclin 1 has been found in the theca layer, but
granulosa cells are negative. After ovulation, Beclin-1 is present in theca-lutein and granulosa-
lutein cells. The expression of Beclin 1 is related to the functional and structural status of the
corpus luteum, as it is a factor in cell survival and plays important roles in the life span of the
human corpus luteum (Gaytán et al. 2008).

An endocrine type, voltage-activated sodium channel was identified in the human ovary and
human luteinized cells. Whole-cell patch-clamp studies showed that the voltage-activated
sodium channels in granulosa cells are functional and tetrodotoxin-sensitive. Luteotrophic
hormone was found to decrease the peak amplitude of the sodium current within seconds.
Treatment with hGC (human chorionic gonadotropin) for 24-48 hours suppressed not only the
mRNA levels in voltage-activated sodium channels, but also the mean sodium peak currents
and resting potentials. Tetrodotoxin preserves a highly differentiated cellular phenotype,
whereas veratridine not only increases the number of secondary lysosomes but also leads to
a reduced progesterone production. In luteinized granulosa cells in culture, abundant
secondary lysosomes were evident in the regressing corpus luteum, suggesting a functional
link between the voltage-activated sodium channel activity and autophagic cellular regression
in vivo (Bulling et al., 2000).

Taken  together,  these  data  show  that  several  factors  are  involved  in  corpus  luteum
regression. One type of factors includes the process of eliminating the different types of
cells  that  form  the  corpus  luteum,  while  other  types  of  factors  are  those  involved  in
destroying  the  structure  of  this  transitory  organ.  The  normal  programmed  cell  death
processes –apoptosis and autophagy– are involved in cell elimination in the corpus luteum.
Most authors have found that the most frequent process of cell death is apoptosis; however,
very detailed studies demonstrate that both processes are often present simultaneously, as
in the case of cell elimination in other organs.

7. Conclusions

Recent years have seen interest grow in the different routes of cell death. Today, two types of
programmed cell death are known: apoptosis and autophagy. Cell death in follicle structures
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is a continuous event during the life of female organisms. Several studies have demonstrated
the active participation of apoptosis in this process, but recent biochemical and morphological
evidence has revealed the participation of autophagic cell death in oocyte elimination during
this physiological process. In granulosa cell death and corpus luteum regression, experimental
evidence has shown that autophagy is an active route in the process of cellular elimination.
Future studies should test for different stimuli and molecular mechanisms involved in the
autophagic cell death process in follicular atresia in vertebrates.
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1. Introduction

Mammary gland is a unique organ, which undergoes the majority of its development in the
postnatal life of mammals, especially during puberty and pregnancy. It is a complex tissue
comprised of many cell types. The actual glandular part is formed by two epithelial cell
subtypes: outer myoepithelia and inner luminal epithelia, which form a complicated net of
ducts and lobules involved in milk synthesis and secretion during lactation. The glandular
epithelium is embedded in stroma composed of mesenchymal cells, such as fibroblasts,
adipocytes, immune cells, and extracellular matrix (ECM). The general features of mammary
gland development is universal for animals and humans, however some differences in growth
rate and hormonal control of the process can be distinguished between species.

During embryogenesis emergence of epithelial buds from ectoderm into mammary mesen‐
chyme initiates formation of a rudimentary system of ducts, which continue their moderate
elongation after birth, simultaneously with the increases in the body weight. In rodents
prepubertal mammary gland consist of long, infrequently branching ducts terminated by
highly proliferative structures, called terminal end buds (TEBs). TEBs contain two distinct cell
types: cap cells organized as a single layer at the leading edge of these structures, staying in
direct contact with the thin layer of basal lamina, and body cells, which form the multicellular
bulk of the TEB [1] (Figure 1). In ruminants mammary ductal network develops as compact,
highly branched structure within loose connective tissue called the terminal ductal units
(TDUs), consisting of solid cords of epithelial cells that penetrate into mammary stroma [2].
An accelerated, hormone-dependent expansion of the glandular epithelium occurs at puberty,
however the final stages of functional development do not take place until gestation. At the
time of pregnancy mammary growth becomes exponential, and driven by pregnancy hor‐
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mones, giving rise not only to more extensive ductal branching, but also to the development
of alveolar structures required for milk production. Mammary alveoli are build by functionally
differentiated secretory epithelial cells, showing the ability to synthesize and secrete milk
components during lactation. These characteristic structures with hollow cavity are formed in
the last stage of mammary gland morphogenesis, termed alveologenesis (Figure 1). Weaning
terminates the lactation period causing programmed cell death of a substantial part of the
secretory epithelium, which leads to mammary gland involution. The cycle of proliferation,
differentiation, and regression can be repeated many times in female’s life. That is why
mammary gland has become a very good and convenient model for studying processes
involved in development and differentiation.

Figure 1. Schematic representation of the structure of mammary epithelium on different stages of differentiation. (A) Pre‐
pubertal and pubertal mammary gland consists of ducts terminated by highly proliferative terminal end buds (TEBs) that
comprise cap cells in direct contact with the basal lamina, and body cells forming multicellular bulk of the TEB. (B) During
pregnancy more extensive ductal branching and formation of alveolar structures required for milk production takes place.
In functionally active mammary gland alveoli are built by a single layer of milk secreting luminal epithelial cells surrounded
by myoepithelial cells, and basement membrane. Myoepithelial cells contractions release the milk to the ducts, and further
to the nipple, whereas basement membrane provides cell contact with extracellular environment.

The lactation cycle includes periods of intensive proliferation of mammary epithelial cells
(MECs), their functional differentiation during lactogenesis, and tissue involution caused by
death of the secretory cells. Nowadays it is well established, that apoptosis plays a crucial role
in all stages of mammary gland development. It is involved in lumen formation during ductal
and alveolar morphogenesis, in replacement of cells during lactation, when MECs show high
secretory activity, and in the involution of mammary gland. However, proper growth,
development and remodelling require also well controlled balance between protein synthesis
and organelle biogenesis versus protein degradation and organelle turnover in the cells. Since
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autophagy is the major cellular pathway for degradation of long-lived proteins and control of
the cytoplasmic organelles, this process is particularly important during development and
under certain stress conditions.

2. Role of autophagy in mammary gland development

2.1. Role of autophagy in mammogenesis and its relation with apoptosis

During all stages of mammary gland development lumen formation is essential for building
functional network of ducts, terminated by milk-producing alveoli at the time of lactation.
Lumen formation follows the process of branching morphogenesis, and it is said to be based
mainly on the clearance of cells via apoptosis of an inner cell population within newly branched
epithelial cords or newly formed acini, creating a cavity [3]. When TEBs invade the mammary
stroma they are built by multilayers of epithelial cells, however, the primary ducts behind
them posses only a single outer layer of myoepithelial cells and an inner layer of luminal cells
surrounding an empty hollow lumen. It was noted that the body cells of TEBs show high rates
of apoptosis indicating that this type of programmed cell death contributes to lumen formation
[4]. The hypothesis was additionally confirmed with the use of transgenic mice overexpressing
an antipoptotic protein Bcl-2 in the mammary gland, because the mammary glands of these
rodents showed delayed lumen formation [4].

2.1.1. Autophagy, apoptosis and lumen formation

More information on the mechanisms regulating the lumenization process were obtained in
the studies using a three dimensional (3D) cell culture model. This in vitro culture system was
developed on the basis of the first observations showing, that epithelial cells are able to
maintain their tissue structure when grown on ECM components which more closely mimic
the in vivo microenvironment then the rigid plastic surfaces used in the classic monolayer
cultures [5, 6]. It has been shown that mammary epithelial cells (MECs) cultured on laminin-
rich reconstituted basement membrane (rBM) are able to recapitulate numerous features of
mammary epithelium in vivo, including the formation of acini-like spheroids, with a hollow
lumen, apicobasal polarization of cells, basal deposition of basement membrane components
(collagen IV, laminin I), and the ability to produce milk proteins [5, 7, 8]. Upon seeding within
the rBM, normal MECs first undergo a few cycles of proliferation forming small organoids.
Next, the structures develop an axis of apicobasal polarity, illustrated among others by basal
localization of integrin receptors which are in direct contact with ECM, and lateral (e.g. E-
cadherin) or apico-lateral (e.g. ZO-1) localization of junctional complexes [7, 8]. The spherical
structures subsequently become unresponsive to proliferative signals, and a bona fide lumen
is formed by cavitation, involving the removal of centrally localized cells by death processes
[9, 10 , 1] (Figure 2). Lack of cell contact with ECM is regarded to be the direct cause of apoptosis
initiation in the MECs placed in the centre of developing spheroid. This type of apoptotic death
program is termed anoikis [11, 12]. However, it has been shown that overexpression of
antiapoptotic proteins Bcl-2 or Bcl-XL in acini formed by human mammary epithelial cell line
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(collagen IV, laminin I), and the ability to produce milk proteins [5, 7, 8]. Upon seeding within
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Next, the structures develop an axis of apicobasal polarity, illustrated among others by basal
localization of integrin receptors which are in direct contact with ECM, and lateral (e.g. E-
cadherin) or apico-lateral (e.g. ZO-1) localization of junctional complexes [7, 8]. The spherical
structures subsequently become unresponsive to proliferative signals, and a bona fide lumen
is formed by cavitation, involving the removal of centrally localized cells by death processes
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MCF-10A only delayed lumen clearance for a few days, although apoptosis was inhibited,
which pointed at a possibility that other processes may contribute to lumen formation [9]. In
the same study electron microscopy analysis revealed the presence of numerous autophagic
vacuoles in the central cells of developing acinar structures. Since autophagy was observed
also in spheroids overexpressing Bcl-2 it was concluded that this process proceeds independ‐
ently of apoptosis. Thus, it was initially proposed that autophagy may also promote lumen
formation by initiating type 2 of programmed cell death [9, 13]. However, this hypothesis had
some flaws, as it ignored the fact, that the cells lacking contact with ECM may initially induce
autophagy as a cytoprotective mechanism against this stressful condition.

2.1.2. Role of autophagy in cells lacking contact with ECM

Integrin receptors are responsible for sustaining cell-matrix interactions, and mediating signal
transduction from ECM into the cells [14]. β1-integrin has been shown critical for the alveolar
morphogenesis of a glandular epithelium and for maintenance of its differentiated function
[15]. Inhibition of β1-integrin in human MECs using blocking antibodies resulted in induction
of autophagy. On the contrary, when laminin-rich basement membrane was added to the cells
cultured in suspension autophagy was not induced, which points at a direct relationship
between autophagy induction and the loss of cell contact with ECM [16]. Furthermore, it was
demonstrated that depletion of some of the major Atg genes responsible for autophagy
induction and autophagosome formation, namely: Atg5, Atg6 (beclin1) and Atg7, using siRNA
technique resulted in reduced autophagy and enhanced apoptosis in suspended cells. A
reduced clonogenic viability upon reattachment of MECs was also observed, indicating the
prosurvival function of autophagy in cells lacking the direct contact with ECM during acini
formation [16]. Interestingly, these studies have shown that inhibition of autophagy either
pharmacologically (using 3-MA) or by knocking down Atg5 or Atg7 genes failed to elicit long-
term luminal filling even when combined with inhibition of apoptosis. Similar results were
obtained by Karantza-Wadsworth and co-workers [17], who worked on immortalized mouse
mammary epithelial cells lacking one allel of beclin1 (beclin1+/-). These cells when grown in 3D
culture formed acini, which exhibited accelerated lumen formation compared to wild type
controls that had both allels of beclin1 gene (beclin1 +/+). The authors concluded that defective
autophagy may sensitize MECs to metabolic stress, leading to accelerated lumen formation.
Central acinar cells of Bcl-2-expressing beclin1+/- spheroids exhibited signs of necrotic cells
death, suggesting that necrosis may be the default cell death mechanism upon apoptosis and
autophagy inactivation [17]. However, their study also indicated, that defective autophagy
compromises the ability of cells to adapt to metabolic stress, which may lead to insufficient
ATP generation, accumulation of damaged mitochondria with excessive reactive oxygen
species (ROS), and this in turn may cause accumulation of DNA damage, resulting in genome
instability and increased risk of cancer progression.

The role of autophagy as the first line survival mechanism of cells centrally localized in the
acinar structures was also proven by Sobolewska et al. [18] in the studies on bovine MECs.
Bovine BME-UV1 mammary epithelial cells cultured on rBM behave in a similar manner to
other described MECs, forming acinar structures composed of an outer-layer of polarized cells
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and a hollow lumen in the centre of the spheroids within 16 days of 3D culture. Autophagy
was observed on the basis of the punctuated pattern of GFP-LC3 protein in the centre of
developing acini by the end of the first week of 3D culture. The induction of autophagy
preceded apoptosis, as the expression of apoptosis executor enzyme - cleaved caspase-3 was
detected starting from the 9th day of cell culture. Thus, autophagy was observed in the acinar
structures when a clear distinction of two populations of cells within the structures could be
determined – the outer polarized layer of cells with direct contact with rBM, and the centrally
localized cells lacking this contact. Subsequent intensive apoptosis eliminated the inner cells
forming hollow lumen of the acini [18]. The importance of autophagy and the time of its
activation during formation of spherical structures was further confirmed in the experiments
on bovine MECs cultured in 3D system in the presence of 3-MA – the inhibitor of early
autophagosome formation. 3MA caused formation of small, underdeveloped organoids, and
the cells forming these structures showed signs of apoptosis (cleaved caspase-3 activity) before
the process of polarization was completed [18]. However, others have shown that the addition
of 3-MA to the 3D culture in the later time points, when minimal luminal apoptosis was already
observed, caused only increased luminal cell death, not influencing the shape of the acini
[16]. Thus, not only localization of autophagic cells, but also the time of autophagy induction,
determines the proper development of mammary alveoli

Figure 2. Formation of alveoli-like structures by mammary epithelial cells (MECs). (A) Image of bovine BME-UV1 MECs
forming in vitro a monolayer on plastic surface. (B) Image of BME-UV1 cells forming 3D spherical structures in vitro
when cultured on extracellular matrix (ECM) components. (C) Schematic representation of processes that take place
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after seeding MECs within ECM: at the beginning of 3D culture cells undergo a few cycles of proliferation, forming
small organoids. Next the outer layer of cells in direct contact with ECM develops an axis of apicobasal polarity, while
the centrally localized cells lacking the necessary signals from the matrix undergo metabolic changes. At first the inner
cells induce autophagy as a survival mechanism, but the sustained stress conditions subsequently lead to lumen for‐
mation by apoptotic cell death. The developed alveoli-like structures are able to secrete milk components into the lu‐
minal space.

2.1.3. Summary

In the process of mammary alveoli formation the outer layer of epithelial cells, which is in
direct contact with ECM undergoes proper apicobasal polarization, and in the later stages
develops specific secretory abilities. During alveologenesis autophagy is induced in the cells
localized in the centre of the developing alveoli, as a results of the lack of contact of those inner
cells with ECM. Autophagy is activated as a survival mechanism under the stress conditions
connected with insufficient nutrient and energy supplies, and its main role is cells protection
from potential damage of mitochondria and genome instability. The sustained stress condi‐
tions in the centre of the alveolar structures lead to apoptosis induction, and elimination of the
inner cells by programmed cell death, which results in formation of hollow lumens of the
alveoli (Figure 2).

2.2. Extracellular and intracellular factors regulating autophagy in mammary epithelial cells
during mammogenesis

2.2.1. Role of endoplasmic reticulum kinase — PERK in the induction of autophagy during alveoli
formation

Lack of cell contact with ECM in the centre of developing acinar structures leads to a rapid
decrease in glucose intake, which correlates with a drop in ATP levels, and progressive
accumulation of reactive oxygen species [19]. In this context the subsequent induction of
autophagy supports the hypothesis about the primary adaptive and survival function of this
process in the inner population of MECs. Studies on the potential mechanisms taking part in
the induction of autophagy during acini formation pointed at the role of endoplasmic reticu‐
lum kinase – PERK in this process. PERK kinase is known to attenuate the initiation of
translation by phosphorylating eIF2α (eukaryotic initiation factor 2α), when an accumulation
of misfolded proteins in endoplasmic reticulum (ER) lumen occurs. It has been shown that
upon loss of adhesion MECs activate the canonical PERK-eIF2 α signalling pathway, which
serves as an important transcriptional regulator of multiple autophagic genes (ATGs), such as:
Atg5, beclin1, Atg8/LC3, involved in autophagosomes formation [20]. PERK not only takes
part in the induction of autophagy, but also contributes to the maintenance of ATP production
and stimulation of a ROS detoxification response. All together these mechanism protect cells,
until the adhesion can be restored, however if the stressful conditions persist the cells finally
undergo apoptotic or autophagic death. An evidence for this hypothesis was obtained in the
experiment on human MCF10A mammary epithelial cells cultured on rBM. Avivar-Valderas
and co-workers [20] observed that enforced PERK activation during the late stages of acinar
structures development allowed the centrally localized cells to persistently occupy the luminal
space. At the same time an increase in the number of basal cells was noted, suggesting that
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some of the surviving MECs reattached to ECM in the outer/basal layer of acinar cells.
Complementary observations were made ex vivo on murine mammary glands isolated at the
lactation period. Immunohistochemical analysis of the expression of activated/phosphorylat‐
ed PERK (p-PERK) and autophagic marker: LC3 in mammary tissue from lactating mice
revealed that PERK was highly activated in the cells found in the luminal space of the
mammary alveoli, as well as in the luminal epithelium, whereas LC3 was detected only in the
detached cells. On the other hand, the expression of pro-apoptotic protein BimEL was weakly
detected in the cells found in the luminal space of the mammary tissue, however and increased
staining was observed in the epithelium of female mice with conditional deletion of PERK
gene. Simultaneously, autophagy was decreased in the tissue samples from the genetically
modified animals, suggesting that activation of PERK promotes autophagy and inhibits
induction of apoptosis enabling a sustained survival of mammary epithelial cells during
lactation [20].

2.2.2. Regulation of autophagy by signalling pathway mediated by mTOR kinase

Another kinase that may be involved in the induction of autophagy in the inner cells of the
developing alveoli is AMP-activated protein kinase (AMPK). This enzyme is activated through
the upstream kinase LKB1 when the cellular energy levels are reduced due to intracellular
metabolic stress, leading to an increased AMP to ATP ratio. Activation of AMPK in turn leads
to phosphorylation of the tuberous sclerosis complex (TSC1/2 complex), causing inhibition of
mTOR. mTOR (mammalian target of rapamycin) is a conserved Ser/Thr protein kinase that
regulates cell growth, cell cycle progression, protein synthesis and nutrient import [21]. In the
nutrient and energy rich conditions it is also considered an inhibitor of autophagy [22]. Thus,
the reduction of energy levels leads to mTOR inhibition via the LKB1 and AMPK kinases
activation, and stimulation of autophagy in the cells [23]. Since AMPK activity was shown to
be significantly increased in the MECs lacking contact with ECM it is highly probable that this
pathway is also involved in autophagy regulation during alveolar lumen formation.

The activity status of mTOR constitutes an important switch in cell metabolism and fate. As
mentioned above, when the energy and nutrient supply is sufficient the signalling pathway
activating mTOR and its downstream targets is involved in translation regulation, mRNA
turnover, protein stability, actin cytoskeletal organization, cell cycle progression and inhibition
of autophagy [21]. This kinase is a target of a macrolide antibiotic called rapamycin, which
specifically inhibits mTOR. Rapamycin was used in the studies on the mechanisms regulating
the development of acinar structures formed by bovine mammary epithelial cells cultured on
rBM [18]. Addition of the drug from the first day of 3D culture resulted in formation of small,
underdeveloped spheroids, because rapamycin blocked cell proliferation. At the same time
autophagy was induced in all cells forming the acini, as judged by high expression of the active
form of LC3-II protein. The induction of autophagy prevented cells from immediate cell death,
since the levels of the apotosis executor enzyme – cleaved caspase 3 were reduced in the
rapamycin treated acinar structures. Results of this experiment further confirmed the protec‐
tive role of autophagy in MECs, but also showed the importance of the proper timing of
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some of the surviving MECs reattached to ECM in the outer/basal layer of acinar cells.
Complementary observations were made ex vivo on murine mammary glands isolated at the
lactation period. Immunohistochemical analysis of the expression of activated/phosphorylat‐
ed PERK (p-PERK) and autophagic marker: LC3 in mammary tissue from lactating mice
revealed that PERK was highly activated in the cells found in the luminal space of the
mammary alveoli, as well as in the luminal epithelium, whereas LC3 was detected only in the
detached cells. On the other hand, the expression of pro-apoptotic protein BimEL was weakly
detected in the cells found in the luminal space of the mammary tissue, however and increased
staining was observed in the epithelium of female mice with conditional deletion of PERK
gene. Simultaneously, autophagy was decreased in the tissue samples from the genetically
modified animals, suggesting that activation of PERK promotes autophagy and inhibits
induction of apoptosis enabling a sustained survival of mammary epithelial cells during
lactation [20].

2.2.2. Regulation of autophagy by signalling pathway mediated by mTOR kinase

Another kinase that may be involved in the induction of autophagy in the inner cells of the
developing alveoli is AMP-activated protein kinase (AMPK). This enzyme is activated through
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metabolic stress, leading to an increased AMP to ATP ratio. Activation of AMPK in turn leads
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regulates cell growth, cell cycle progression, protein synthesis and nutrient import [21]. In the
nutrient and energy rich conditions it is also considered an inhibitor of autophagy [22]. Thus,
the reduction of energy levels leads to mTOR inhibition via the LKB1 and AMPK kinases
activation, and stimulation of autophagy in the cells [23]. Since AMPK activity was shown to
be significantly increased in the MECs lacking contact with ECM it is highly probable that this
pathway is also involved in autophagy regulation during alveolar lumen formation.

The activity status of mTOR constitutes an important switch in cell metabolism and fate. As
mentioned above, when the energy and nutrient supply is sufficient the signalling pathway
activating mTOR and its downstream targets is involved in translation regulation, mRNA
turnover, protein stability, actin cytoskeletal organization, cell cycle progression and inhibition
of autophagy [21]. This kinase is a target of a macrolide antibiotic called rapamycin, which
specifically inhibits mTOR. Rapamycin was used in the studies on the mechanisms regulating
the development of acinar structures formed by bovine mammary epithelial cells cultured on
rBM [18]. Addition of the drug from the first day of 3D culture resulted in formation of small,
underdeveloped spheroids, because rapamycin blocked cell proliferation. At the same time
autophagy was induced in all cells forming the acini, as judged by high expression of the active
form of LC3-II protein. The induction of autophagy prevented cells from immediate cell death,
since the levels of the apotosis executor enzyme – cleaved caspase 3 were reduced in the
rapamycin treated acinar structures. Results of this experiment further confirmed the protec‐
tive role of autophagy in MECs, but also showed the importance of the proper timing of
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autophagy induction, which should not precede the period of intensive growth of the devel‐
oping acini and the proper polarization of the outer layer of epithelial cells.

2.2.3. Mitogenic function of IGF-I and its effect on the rate of differentiation of mammary alveolar
structures

During the time of mammary gland development several growth factors synthesized locally
in the stromal or mesenchymal compartment of the gland, such as: IGF-I (insulin-like growth
factor-I), EGF (epidermal growth factor), or HGF (hepatocytes growth factor), induce cell
proliferation and survival, leading to expansion of the glandular epithelium. IGF-I plays a
pivotal role in mammary tissue homeostasis, stimulating cell proliferation and differentiation
during mammogenesis and lactogenesis. This growth factor exerts both endocrine and local
actions. It is produced in the liver in response to pituitary growth hormone (GH), but is also
synthesized and secreted by the cells of the mammary gland. Signals from IGF-I are transmitted
into the cell via type I IGF receptor (IGFIR) located on the surface membranes of epithelial
cells. When IGF-I binds to its receptor, IGFIR associates with the p85α subunit of phosphati‐
dylinoinositol-3-kinase (PI3K) and activates another downstream target – Akt kinase [24].
Active Akt (phosphorylated at Ser473) initiates other downstream signalling components
involved in initiation of proliferation or activation of survival mechanisms. Moreover, the
effect of IGF-I on cell growth and metabolism, mediated by Akt involves also activation of
mTOR signalling pathway. Therefore, during normal mammary gland development the
mitogenic signals from IGF-I must be under control of other locally produced growth factors
and systemic hormones in order to maintain the proper homeostasis in the mammary gland.
In fact, studies have shown that mammary epithelial cells grown on ECM components in the
presence of IGF-I formed large spheroids lacking a hollow lumen in the centre [18]. The MECs
showed prolonged proliferative activity, and decreased apoptosis measured on the basis of
cleaved caspase-3 expression. At the same time an increased autophagy was observed in the
centrally localized cells. The intensive autophagy of these inner cells, however, might have
been induced by stressful conditions evoked by the lack of contact with ECM components, and
decreased availability of nutrients inside of the large organoids, rather than directly by IGF-I.
In fact, another study with the use of human mammary epithelial cell line MCF-10A over-
expressing IGFIR, showed that the cells formed large, misshapen acinar structures with filled
lumens and disrupted apico-basal polarisation in the presence of IGF-I [25]. The investigators
observed that the MECs over-expressing IGFIR showed increased proliferation and decreased
apoptosis, which was connected with increased activity of Akt, as well as mTOR. The pheno‐
type of large misshapen spheroids could also be obtained, when MCF10A cells expressed a
conditionally active variant of Akt [26]. Sustained Akt activation caused enhanced prolifera‐
tion, and increased cell size, along with variability in size and shape of the cells forming the
large spheroids. However, when rapamycin was added to the 3D culture the morphological
disruption was prevented, indicating that mTOR function is required for the biological effect
of Akt action during acinar development, and that the activity of mTOR also needs to be tightly
regulated [26]. Although the described studies did not examine the role of autophagy in these
processes one can expect that the effect of rapamycin addition not only resulted in inhibition
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of the proliferative signals induced by conditionally active Akt, but also induced autophagy,
which could participate in lumen clearance.

2.2.4. 17β-estradiol and progesterone control mammogenesis by stimulation of mammary epithelial cells
proliferation, regulation of gene expression, and induction of autophagy

The proper development of mammary gland is possible thanks to interactions of many cellular
signalling pathways induced by intramammary factors, as well as endocrine hormones. Sex
steroids belong to the important regulators of normal mammogenesis. Throughout puberty
and gestation 17β-estradiol (E2) and progesterone (P4) induce proliferation of mammary
epithelium and act as survival factors. Biological responses induced by both hormones are
mediated by their receptors, which are located inside the cells, and translocate from the
cytoplasm to the nucleus upon activation. There are two types of estrogen receptors (ERα, and
ERβ), however ERα is shown to play the major function in the mammary gland. The expression
of ERα was found both in the epithelial and stromal compartment of the mammary gland in
many species, although in humans and heifers only mammary epithelium express ER.
Progesterone can also act through two types of specific receptors: PR-A and PR-B, and the ratio
in expression of both isoforms in the mammary gland is critical for the normal response to P4
[27]. PR is expressed only by mammary epithelial cells, and not all MECs show its expression,
thus a paracrine interaction occurs between the PR-positive and PR-negative cells, which
activates the proliferative and survival signals.

E2 is considered to be responsible for ductal morphogenesis, while P4 is critical for lobulo-
alveolar development and transition from ductal to lobulo-alveolar morphology [27]. How‐
ever, E2 also plays an indirect role in the alveologenesis by stimulating the PR expression in
mammary epithelial cells [28]. Additionally, recent studies using the 3D culture system have
shown that sex steroids may be involved in autophagy induction during mammogenesis [18].
When bovine MECs were cultured on rBM in the presence of E2 or P4 the cells formed proper
acinar structures. During the development of these acini an intensified induction of autophagy
was observed in the centre of the structures, as judged by the higher fluorescence intensity of
the condensed pattern of GFP-LC3 autophagy marker. Additionally, apoptosis was also
elevated in these cells, which led to a faster formation of the hollow lumen inside the spherical
structures. Moreover, in case of 17β-estradiol it was shown that this hormone not only
accelerated formation of the membrane-bound form of LC3 (LC3-II), but also increased the
level of the LC3-I protein [18]. It is well established that both sex steroids exert an influence on
target cells through a genomic pathway after binding to their receptors that translocate to the
nucleus. Inside the nucleus the activated receptors associate with co-activators, or co-repress‐
ors, and finally regulate gene transcription by binding to target genes on the specific sites of
the promoter regions, called response elements (ERE – estrogen response element, PRE –
progesterone response element) [29, 30]. The observed increase in the total amount of LC3
protein indicates that E2 could enhance the expression of LC3 gene. More recently steroids,
especially estrogen (E2), have been found to exert rapid, non-genomic effects via membrane-
bound receptors (mER), causing stimulation of cytoplasmic signalling pathways, such as:
MAPK, and PI3K/Akt [31, 30]. So far the non-genomic molecular mechanism of steroids has
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autophagy induction, which should not precede the period of intensive growth of the devel‐
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dylinoinositol-3-kinase (PI3K) and activates another downstream target – Akt kinase [24].
Active Akt (phosphorylated at Ser473) initiates other downstream signalling components
involved in initiation of proliferation or activation of survival mechanisms. Moreover, the
effect of IGF-I on cell growth and metabolism, mediated by Akt involves also activation of
mTOR signalling pathway. Therefore, during normal mammary gland development the
mitogenic signals from IGF-I must be under control of other locally produced growth factors
and systemic hormones in order to maintain the proper homeostasis in the mammary gland.
In fact, studies have shown that mammary epithelial cells grown on ECM components in the
presence of IGF-I formed large spheroids lacking a hollow lumen in the centre [18]. The MECs
showed prolonged proliferative activity, and decreased apoptosis measured on the basis of
cleaved caspase-3 expression. At the same time an increased autophagy was observed in the
centrally localized cells. The intensive autophagy of these inner cells, however, might have
been induced by stressful conditions evoked by the lack of contact with ECM components, and
decreased availability of nutrients inside of the large organoids, rather than directly by IGF-I.
In fact, another study with the use of human mammary epithelial cell line MCF-10A over-
expressing IGFIR, showed that the cells formed large, misshapen acinar structures with filled
lumens and disrupted apico-basal polarisation in the presence of IGF-I [25]. The investigators
observed that the MECs over-expressing IGFIR showed increased proliferation and decreased
apoptosis, which was connected with increased activity of Akt, as well as mTOR. The pheno‐
type of large misshapen spheroids could also be obtained, when MCF10A cells expressed a
conditionally active variant of Akt [26]. Sustained Akt activation caused enhanced prolifera‐
tion, and increased cell size, along with variability in size and shape of the cells forming the
large spheroids. However, when rapamycin was added to the 3D culture the morphological
disruption was prevented, indicating that mTOR function is required for the biological effect
of Akt action during acinar development, and that the activity of mTOR also needs to be tightly
regulated [26]. Although the described studies did not examine the role of autophagy in these
processes one can expect that the effect of rapamycin addition not only resulted in inhibition
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of the proliferative signals induced by conditionally active Akt, but also induced autophagy,
which could participate in lumen clearance.

2.2.4. 17β-estradiol and progesterone control mammogenesis by stimulation of mammary epithelial cells
proliferation, regulation of gene expression, and induction of autophagy

The proper development of mammary gland is possible thanks to interactions of many cellular
signalling pathways induced by intramammary factors, as well as endocrine hormones. Sex
steroids belong to the important regulators of normal mammogenesis. Throughout puberty
and gestation 17β-estradiol (E2) and progesterone (P4) induce proliferation of mammary
epithelium and act as survival factors. Biological responses induced by both hormones are
mediated by their receptors, which are located inside the cells, and translocate from the
cytoplasm to the nucleus upon activation. There are two types of estrogen receptors (ERα, and
ERβ), however ERα is shown to play the major function in the mammary gland. The expression
of ERα was found both in the epithelial and stromal compartment of the mammary gland in
many species, although in humans and heifers only mammary epithelium express ER.
Progesterone can also act through two types of specific receptors: PR-A and PR-B, and the ratio
in expression of both isoforms in the mammary gland is critical for the normal response to P4
[27]. PR is expressed only by mammary epithelial cells, and not all MECs show its expression,
thus a paracrine interaction occurs between the PR-positive and PR-negative cells, which
activates the proliferative and survival signals.

E2 is considered to be responsible for ductal morphogenesis, while P4 is critical for lobulo-
alveolar development and transition from ductal to lobulo-alveolar morphology [27]. How‐
ever, E2 also plays an indirect role in the alveologenesis by stimulating the PR expression in
mammary epithelial cells [28]. Additionally, recent studies using the 3D culture system have
shown that sex steroids may be involved in autophagy induction during mammogenesis [18].
When bovine MECs were cultured on rBM in the presence of E2 or P4 the cells formed proper
acinar structures. During the development of these acini an intensified induction of autophagy
was observed in the centre of the structures, as judged by the higher fluorescence intensity of
the condensed pattern of GFP-LC3 autophagy marker. Additionally, apoptosis was also
elevated in these cells, which led to a faster formation of the hollow lumen inside the spherical
structures. Moreover, in case of 17β-estradiol it was shown that this hormone not only
accelerated formation of the membrane-bound form of LC3 (LC3-II), but also increased the
level of the LC3-I protein [18]. It is well established that both sex steroids exert an influence on
target cells through a genomic pathway after binding to their receptors that translocate to the
nucleus. Inside the nucleus the activated receptors associate with co-activators, or co-repress‐
ors, and finally regulate gene transcription by binding to target genes on the specific sites of
the promoter regions, called response elements (ERE – estrogen response element, PRE –
progesterone response element) [29, 30]. The observed increase in the total amount of LC3
protein indicates that E2 could enhance the expression of LC3 gene. More recently steroids,
especially estrogen (E2), have been found to exert rapid, non-genomic effects via membrane-
bound receptors (mER), causing stimulation of cytoplasmic signalling pathways, such as:
MAPK, and PI3K/Akt [31, 30]. So far the non-genomic molecular mechanism of steroids has
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not been investigated in regard to their possible influence on autophagy induction. However,
John and co-workers [32] reported that beclin1 is able to bind with ERα, and the interactions
between these proteins may modulate their action. Thus, sex steroid play a major role in the
control of mammary gland development not only by acting as prosurvival factors, and
stimulating epithelial cells proliferation, but also by regulating autophagy during alveoli
formation. Furthermore, it is possible that E2 and P4 may regulate the action of other intra‐
mammary factors in the mammary epithelium by interactions of the signalling pathways
induced by these endocrine and local factors (Figure 3).

Figure 3. Extracellular and intracellular factors regulating autophagy induction in mammary epithelial cells during the
process of lumen formation in mammary alveoli.

2.2.5. Summary

Induction of autophagy in the centrally localized cells of developing acini is regulated by
several intracellular pathways and extracellular factors. The stress caused by insufficient
nutrient and energy supply in the centre of the alveolar structures activates PERK kinase,
which is an important transcriptional regulator, controlling the expression of autophagic (Atg)
genes. Increased intracellular metabolic stress inside the developing alveoli also activates
AMPK kinase, which inhibits the mTOR mediated signalling pathway leading to autophagy
induction. During mammogenesis, the balance between proliferation and cell death processes
is also controlled by locally secreted growth factors (i.a. IGF-I), and endocrine hormones (i.a.

Autophagy - A Double-Edged Sword - Cell Survival or Death?452

sex steroids). IGF-I is an important survival factor, involved in stimulation of the enhanced
growth of mammary epithelium during mammogenesis, whereas E2 and P4 play a major role
in the control of mammary gland development by stimulating epithelial cells proliferation, as
well as regulating autophagy induction during alveoli formation (Figure 3).

2.3. Role of autophagy in mammary gland involution

Mammary gland shows full functional activity during lactation, when the lobules contain fully
developed alveoli formed by differentiated mammary epithelial cells secreting milk compo‐
nents into the luminal space. The surrounding myoepithelial cells contract, releasing the milk
further to the ductal network, which delivers the milk to the nipple. The process of milk
synthesis is under control of galactopoetic hormones (prolactin – PRL, growth hormone – GH),
which stimulate the expression of milk proteins, survival of the glandular epithelium and
contractions of the alveoli (oxitocin). After the period of functional activity, when females stop
feeding their offspring the mammary gland regresses and returns to the state of development
similar to the one prior pregnancy. This stage of remodelling is termed involution. Involution
can be gradually initiated in the mammary gland, starting from the peak of lactation, because
the young are progressively weaned. In case of dairy animals it starts with the natural,
progressive decline in the milk yield. Alternatively, the mammary gland involution can be
induced by litter removal (forced weaning), or in diary animals by termination of milking.

The withdrawal of suckling or cessation of milking results in the interruption of the release of
galactopoetic hormones, which leads to milk stasis, and a rapid decline in milk synthesis
caused by downregulation of genes involved in this process. In rodents, which have been
extensively used as a model for studying the progress of mammary gland involution, forced
weaning very quickly (within 24h after pup removal) leads to the first signs of apoptotic cell
death of the epithelium, as some of the MECs are shed into the lumens of the alveoli. This
stage, however, is still reversible, and the renewal of suckling preserves the structure of the
secretory tissue. When the involution progresses several other processes take place, leading to
the regression of the glandular epithelium.

At the time when the first apoptotic cells can be observed in the luminal space, MECs which
remain within the alveoli begin reabsorbing the residual milk. Additionally, it has been shown
that these cells undergo a change in their phenotype from secretory to phagocytic, which
enables them to actively reabsorb also the apoptotic cells from the lumens by a process
resembling efferocytosis [33]. During efferocytosis the cell membrane of phagocytic cell
engulfs the apoptotic cell, forming a large fluid-filled vesicle, called efferosome or phagosome,
which contain the dead cell. The efferosome subsequently fuses with lysosome, causing
degradation of the engulfed material. The change in the phenotype of MECs requires changes
in the expression of many genes, and thus, is thought to be transcriptionally-mediated. It has
been shown, that more than 20 traditional markers of lysosomal activity are upregulated within
24h of forced weaning, and LC3 was detected among these upregulated proteins [33]. Since it
is one of the key proteins involved in autophagosomes formation and fusion of lysosomes with
autophagic vacuoles, these results indicate that autophagy is induced during the early stages
of involution. Although there is no additional information on the role of autophagy during the
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sex steroids). IGF-I is an important survival factor, involved in stimulation of the enhanced
growth of mammary epithelium during mammogenesis, whereas E2 and P4 play a major role
in the control of mammary gland development by stimulating epithelial cells proliferation, as
well as regulating autophagy induction during alveoli formation (Figure 3).

2.3. Role of autophagy in mammary gland involution

Mammary gland shows full functional activity during lactation, when the lobules contain fully
developed alveoli formed by differentiated mammary epithelial cells secreting milk compo‐
nents into the luminal space. The surrounding myoepithelial cells contract, releasing the milk
further to the ductal network, which delivers the milk to the nipple. The process of milk
synthesis is under control of galactopoetic hormones (prolactin – PRL, growth hormone – GH),
which stimulate the expression of milk proteins, survival of the glandular epithelium and
contractions of the alveoli (oxitocin). After the period of functional activity, when females stop
feeding their offspring the mammary gland regresses and returns to the state of development
similar to the one prior pregnancy. This stage of remodelling is termed involution. Involution
can be gradually initiated in the mammary gland, starting from the peak of lactation, because
the young are progressively weaned. In case of dairy animals it starts with the natural,
progressive decline in the milk yield. Alternatively, the mammary gland involution can be
induced by litter removal (forced weaning), or in diary animals by termination of milking.

The withdrawal of suckling or cessation of milking results in the interruption of the release of
galactopoetic hormones, which leads to milk stasis, and a rapid decline in milk synthesis
caused by downregulation of genes involved in this process. In rodents, which have been
extensively used as a model for studying the progress of mammary gland involution, forced
weaning very quickly (within 24h after pup removal) leads to the first signs of apoptotic cell
death of the epithelium, as some of the MECs are shed into the lumens of the alveoli. This
stage, however, is still reversible, and the renewal of suckling preserves the structure of the
secretory tissue. When the involution progresses several other processes take place, leading to
the regression of the glandular epithelium.

At the time when the first apoptotic cells can be observed in the luminal space, MECs which
remain within the alveoli begin reabsorbing the residual milk. Additionally, it has been shown
that these cells undergo a change in their phenotype from secretory to phagocytic, which
enables them to actively reabsorb also the apoptotic cells from the lumens by a process
resembling efferocytosis [33]. During efferocytosis the cell membrane of phagocytic cell
engulfs the apoptotic cell, forming a large fluid-filled vesicle, called efferosome or phagosome,
which contain the dead cell. The efferosome subsequently fuses with lysosome, causing
degradation of the engulfed material. The change in the phenotype of MECs requires changes
in the expression of many genes, and thus, is thought to be transcriptionally-mediated. It has
been shown, that more than 20 traditional markers of lysosomal activity are upregulated within
24h of forced weaning, and LC3 was detected among these upregulated proteins [33]. Since it
is one of the key proteins involved in autophagosomes formation and fusion of lysosomes with
autophagic vacuoles, these results indicate that autophagy is induced during the early stages
of involution. Although there is no additional information on the role of autophagy during the
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initial phase of involution, there are evidence showing participation of this process when the
regression of the mammary gland progresses.

In the second phase of involution proteolysis of the extracellular matrix and further apoptosis
of the secretory epithelium takes place, causing the alveoli to collapse. There is an increase in
expression of the protease genes, such as plasminogen activators (serine proteases), that induce
the formation of active plasmin from plasminogen. Subsequently, plasmin activates matrix
metalloproteinases (MMPs), which are responsible for the proteolytic degradation of basement
membrane and ECM of the mammary gland. Removal of ECM induces apoptosis of the
epithelial cells, that failed to respond to the first phase of apoptotic signals. The large number
of apoptotic cells and debris are removed by phagocytosis performed by professional and non-
professional phagocytes (macrophages, and epithelial cells, respectively) [34]. Finally, in the
last stage of involution the regrowth of stromal adipose tissue is observed, filling the space of
the regressed epithelium. The described course of mammary gland regression concerns the
situation when lactation is separated from gestation by a dry period, during which the
mammary gland remains in a quiescent state. It was extensively studied in rodents, and is
often considered to reflect the general changes during the remodelling of the mammary gland
in mammalian species. However, it is well documented that the mammary gland involution
in ruminants differs in a significant manner. In cows and goats there is a characteristic overlap
between the periods of lactation and next pregnancy, which means that these animals are
typically pregnant when the involution is induced by termination of milking. Thus, the high
levels of pregnancy hormones stimulating the development of new secretory tissue oppose
the stimuli for mammary involution initiated by the milk stasis.

2.3.1. Role of autophagy in the regenerative involution of ruminant mammary gland

The nonlactating period before parturition in diary animals is termed the dry period. During
this time the morphological changes in the mammary gland of ruminants (especially cows)
are less pronounced than those occurring in the involuting glands of mice or rats. They reflect
the change in the secretory state of the mammary epithelium, rather than the characteristic
features of the tissue regression. The alveolar structure remains mostly intact during bovine
mammary gland involution, even after several weeks of the dry period, although about 30
days after milking cessation the luminal area in the mammary tissue decrease and epithelial
cells exhibit few secretory vacuoles [35]. Some of the bovine MECs undergo apoptotic cell death
during involution, however, this subpopulation is significantly smaller than in rodents. It is
considered that the nonlactating period in dairy cows serves to enhance the replacement of
the senescent mammary epithelial cells prior to the next lactation, and thus, the processes
taking place during that time are described as regenerative involution. Interestingly, studies
have shown that bovine mammary tissue during the dry period shows signs of autophagy. It
is manifested by increased expression of beclin1 and a high number of cells with typical
morphological features of autophagy (autophagosomes and autophagolysosomes) [36].
Furthermore, in vitro studies on BME-UV1 bovine mammary epithelial cells revealed that cells
partially devoid of nutritional factors and bioactive compounds induce formation of the
autophagosome membrane-bound LC3-II form [37]. These experiments aimed at reflecting the
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conditions observed in the bovine mammary gland during dry period, when enhanced
competition of intensively developing fetus and mother organism for nutritional and bioactive
compounds creates a state of temporary malnutrition of MECs. When the concentration of fetal
bovine serum (FBS) was significantly reduced in the culture medium of BME-UV1 cells (from
standard 10% to 0.5%), the activity of mTOR kinase was significantly decreased, which
corresponded with the induction of autophagy. Moreover, autophagy induced by FBS-
withdrawal was inhibited by an addition of IGF-I, or EGF. Both growth factors play a prosur‐
vival role in MECs during mammary development, whereas at the dry period their activity is
decreased, similarly to the decreased levels of lactogenic hormones. Simultaneously the levels
of sex steroids are elevated due to the pregnancy overlapping the period of glandular involu‐
tion. The in vitro studies demonstrated, that in the presence of E2 or P4 bovine MECs cultured
in FBS-deficient conditions showed higher levels of autophagy, which suggests, that these
hormones additionally stimulate the induction of this process [37]. Thus, autophagy may be
induced in bovine mammary epithelial cells as an additional survival process, which partici‐
pates in preservation of the glandular morphology during involution.

Additionally, it was shown that autophagy can also be stimulated by transforming growth
factor – beta 1 (TGF-β1), a cytokine classified as local growth inhibitor and apoptosis inducer
in many cell types, including MECs. TGF-β1 expression was shown to be high during puberty
and involution, low during gestation, and undetectable at the time of lactation. This growth
factor can regulate cellular processes by a specific signalling pathway, which is induced upon
binding of TGF-β1 to its membrane receptors (TβRI and TβRII). The receptors then form
heterocomplexes and activate downstream components - the Smad proteins [38]. Smads
transmit the signal to the nucleus, where they play a role of transcription factors and bind to
DNA on the promoter region regulating the transcription of specific genes. TGF-β1 was shown
to regulate the expression patterns of cyclins involved in the cell cycle progression, cell
adhesion elements, such as integrins, and IGF binding proteins (IGFBP-3,4 and 5), which
regulate the activity of IGF within the mammary gland [27, 39]. For example, IGFBP5 prevents
binding of IGF-I to its receptor and inhibits the prosurvival signals. TGF-β1 is also able to
induce apoptosis in mammary epithelial cells through the mitochondrial pathway involving:
activation and translocation of the proapoptotic protein Bax to mitochondrial membranes,
release of cytochrome c, and activation of the executor enzyme caspase-3 [40]. The experiments
on bovine MECs revealed, that this cytokine also increased the level of LC3 and beclin1
proteins, indicating the direct role of TGF-β1 in autophagy induction. Moreover, it was found
that the high expression of TGF-β1 receptors in the involuting bovine mammary tissue
correlated with increased levels of beclin1 and downregulation of growth hormone receptor
(GH-R) and IGF-I receptor (IGF-IRα) in this tissue [36].

The induction of autophagy by TGF-β1 was also observed during mammary acini formation
in the studies with the use of 3D culture system [18]. These results correspond with other
findings, showing that TGF-β1 is responsible for regulation of growth and pattering of the
mammary ductal tree during mammogenesis, and can partially act by modulation of the effect
of IGF-I on the developing tissue [41, 39].
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the stimuli for mammary involution initiated by the milk stasis.

2.3.1. Role of autophagy in the regenerative involution of ruminant mammary gland

The nonlactating period before parturition in diary animals is termed the dry period. During
this time the morphological changes in the mammary gland of ruminants (especially cows)
are less pronounced than those occurring in the involuting glands of mice or rats. They reflect
the change in the secretory state of the mammary epithelium, rather than the characteristic
features of the tissue regression. The alveolar structure remains mostly intact during bovine
mammary gland involution, even after several weeks of the dry period, although about 30
days after milking cessation the luminal area in the mammary tissue decrease and epithelial
cells exhibit few secretory vacuoles [35]. Some of the bovine MECs undergo apoptotic cell death
during involution, however, this subpopulation is significantly smaller than in rodents. It is
considered that the nonlactating period in dairy cows serves to enhance the replacement of
the senescent mammary epithelial cells prior to the next lactation, and thus, the processes
taking place during that time are described as regenerative involution. Interestingly, studies
have shown that bovine mammary tissue during the dry period shows signs of autophagy. It
is manifested by increased expression of beclin1 and a high number of cells with typical
morphological features of autophagy (autophagosomes and autophagolysosomes) [36].
Furthermore, in vitro studies on BME-UV1 bovine mammary epithelial cells revealed that cells
partially devoid of nutritional factors and bioactive compounds induce formation of the
autophagosome membrane-bound LC3-II form [37]. These experiments aimed at reflecting the
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conditions observed in the bovine mammary gland during dry period, when enhanced
competition of intensively developing fetus and mother organism for nutritional and bioactive
compounds creates a state of temporary malnutrition of MECs. When the concentration of fetal
bovine serum (FBS) was significantly reduced in the culture medium of BME-UV1 cells (from
standard 10% to 0.5%), the activity of mTOR kinase was significantly decreased, which
corresponded with the induction of autophagy. Moreover, autophagy induced by FBS-
withdrawal was inhibited by an addition of IGF-I, or EGF. Both growth factors play a prosur‐
vival role in MECs during mammary development, whereas at the dry period their activity is
decreased, similarly to the decreased levels of lactogenic hormones. Simultaneously the levels
of sex steroids are elevated due to the pregnancy overlapping the period of glandular involu‐
tion. The in vitro studies demonstrated, that in the presence of E2 or P4 bovine MECs cultured
in FBS-deficient conditions showed higher levels of autophagy, which suggests, that these
hormones additionally stimulate the induction of this process [37]. Thus, autophagy may be
induced in bovine mammary epithelial cells as an additional survival process, which partici‐
pates in preservation of the glandular morphology during involution.

Additionally, it was shown that autophagy can also be stimulated by transforming growth
factor – beta 1 (TGF-β1), a cytokine classified as local growth inhibitor and apoptosis inducer
in many cell types, including MECs. TGF-β1 expression was shown to be high during puberty
and involution, low during gestation, and undetectable at the time of lactation. This growth
factor can regulate cellular processes by a specific signalling pathway, which is induced upon
binding of TGF-β1 to its membrane receptors (TβRI and TβRII). The receptors then form
heterocomplexes and activate downstream components - the Smad proteins [38]. Smads
transmit the signal to the nucleus, where they play a role of transcription factors and bind to
DNA on the promoter region regulating the transcription of specific genes. TGF-β1 was shown
to regulate the expression patterns of cyclins involved in the cell cycle progression, cell
adhesion elements, such as integrins, and IGF binding proteins (IGFBP-3,4 and 5), which
regulate the activity of IGF within the mammary gland [27, 39]. For example, IGFBP5 prevents
binding of IGF-I to its receptor and inhibits the prosurvival signals. TGF-β1 is also able to
induce apoptosis in mammary epithelial cells through the mitochondrial pathway involving:
activation and translocation of the proapoptotic protein Bax to mitochondrial membranes,
release of cytochrome c, and activation of the executor enzyme caspase-3 [40]. The experiments
on bovine MECs revealed, that this cytokine also increased the level of LC3 and beclin1
proteins, indicating the direct role of TGF-β1 in autophagy induction. Moreover, it was found
that the high expression of TGF-β1 receptors in the involuting bovine mammary tissue
correlated with increased levels of beclin1 and downregulation of growth hormone receptor
(GH-R) and IGF-I receptor (IGF-IRα) in this tissue [36].

The induction of autophagy by TGF-β1 was also observed during mammary acini formation
in the studies with the use of 3D culture system [18]. These results correspond with other
findings, showing that TGF-β1 is responsible for regulation of growth and pattering of the
mammary ductal tree during mammogenesis, and can partially act by modulation of the effect
of IGF-I on the developing tissue [41, 39].
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Figure 4. Endocrine hormones, auto/paracrine factors and intramammary conditions inducing autophagy and apop‐
tosis in bovine mammary epithelial cells during regenerative involution.

2.3.2. Summary

In the period of mammary gland involution, during which regression of the secretory epithe‐
lium takes place returning the gland to the quiescent state, autophagy seems to be involved in
the efferocytosis of the apoptotic epithelial cells. In case of the regenerative involution of bovine
mammary gland autophagy is induced as a survival mechanism participating in the preser‐
vation of the glandular epithelium prior to next lactation. When milking is terminated a small
population of mammary epithelial cells undergo apoptotic cell death, due to milk stasis and
increased levels of proapoptotic factors, such as: TGF-β1. The remaining cells down-regulate
milk secreting pathways and await parturition by inducing autophagy, as a mechanism which
stabilizes intracellular supplies of energy and amino acids at the time of enhanced competition
of intensively developing fetus and mother organism for nutritional and bioactive compounds.
Additionally, local factors, such as TGF-β1, and pregnancy hormones (17β-estradiol and
progesterone) stimulate autophagy during the dry period, suggesting a possible role of these
factors in the control of the balance between apoptosis and survival of the epithelial cells in
the involuting bovine mammary gland (Figure 4).

3. Autophagy and breast cancer

Most of breast malignancies arise in the terminal duct lobular units (TDLUs). In general,
carcinomas are characterized by the loss of epithelial polarity and tissue organization. Cancer
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cells, which remain within the basement membrane of the mammary ductal-lobular system
are classified as benign in situ carcinomas, whereas when neoplatic cells invade into the
adjacent stroma the tumour becomes malignant [42]. Early premalignant breast cancer lesions,
such as hyperplastic lesions with atypia and carcinoma in situ are characterized by a complete
or partially filled lumen [1]. Moreover, in vitro experiments with the use of 3D culture system
have shown, that human breast tumour cell lines are not able to form acinar structures with
the centrally localized hollow lumen, and polarisation of cells surrounding this lumen. Instead
they develop into nonpolarized clusters with limited differentiation [43, 44]. Both apoptosis
and autophagy have been shown to be involved in the process of lumen clearance, however,
autophagy is thought to be induced first as a survival mechanism in the central acinar cells,
which are under increased metabolic stress connected with the lack of contact with ECM,
hypoxia and decreased nutrient and energy supplies. Karantza-Wadsworth and co-workers
[17] have shown that monoallelic deletion of beclin1 (beclin1+/-) that leads to defective autoph‐
agy, causes increased DNA damage, and genome instability in cells. When defective autoph‐
agy is synergized with defects in apoptosis machinery, mammary tumorigenesis can be
promoted.

Perturbations in autophagy has been implicated in the pathogenesis of diverse disease states,
including cancer. The monoallelic deletion of beclin1 is observed in 50% of breast tumours [45].
Human breast carcinoma cell lines, as well as tumour tissue have decreased beclin1 levels,
while mammary tissue from beclin1+/- mice shows hyperproliferative, preneoplastic changes
[46]. Moreover, beclin1+/- immortalized mouse mammary epithelial cells, which exhibit
compromised autophagy under metabolic stress, cause accelerated tumorigenesis after
allogeneic transplantation into nude mice [17]. On the contrary, beclin1 ectopic expression in
MCF-7 breast cancer cells, which are tetraploid but have only three beclin1 copies, led to a
slower proliferation of these cells in vitro, as well as in vivo in the xenograft tumours. These
findings indicate that beclin1 is a haploinsufficient tumour suppressor [47]. Furthermore,
when deficiency in autophagy synergizes with defective apoptosis the response to the
environmental stress is impaired and tumorigenecity is increased, promoting tumour growth.

On the other hand, autophagy as a known survival mechanism preserves cell viability during
periods of nutrient limitation and hypoxia, which suggests that it can sustain cellular metab‐
olism within the tumour. Metabolic stress is a common feature of solid tumours, resulting from
inadequate vascularisation, and causing nutrient, growth factors, and oxygen deprivation [48].
It has been shown that solid tumours formed by cells with defective apoptosis are able to
survive the metabolic stress by inducing autophagy [49]. Thus, when tumour cells have intact
autophagy it may be induced as an adaptive response to anticancer agents, in which case
autophgay may act as a treatment resistance mechanism prolonging tumour cell survival. It
is especially important in apoptosis-defective cancers, which rely on autophagy under stressful
conditions. In this case inhibition of autophagy should inhibit cancer cells’ survival and
enhance the efficacy of anticancer treatment [45]. Attempts to use autophagy inhibitors to
sensitize cancer cells to treatment have been recently reported. For example, knockdown of
autophagic genes in MCF-7 and T-47D breast cancer cells, combined with tamoxifen or 4-
hydroxy-tamoxifen treatment, resulted in decreased viability of these cells [50, 51]. Hydroxy‐
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findings indicate that beclin1 is a haploinsufficient tumour suppressor [47]. Furthermore,
when deficiency in autophagy synergizes with defective apoptosis the response to the
environmental stress is impaired and tumorigenecity is increased, promoting tumour growth.

On the other hand, autophagy as a known survival mechanism preserves cell viability during
periods of nutrient limitation and hypoxia, which suggests that it can sustain cellular metab‐
olism within the tumour. Metabolic stress is a common feature of solid tumours, resulting from
inadequate vascularisation, and causing nutrient, growth factors, and oxygen deprivation [48].
It has been shown that solid tumours formed by cells with defective apoptosis are able to
survive the metabolic stress by inducing autophagy [49]. Thus, when tumour cells have intact
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chloroquine, which is a lysosomotropic agent causing increase in intralysosomal pH, and
impairing autophagic protein degradation, has been used in clinical trials to modulate
autophagy in metastatic breast cancer [45]. On the contrary, autophagy-deficient cancer cells
with intact apoptotic machinery are shown to be particularly sensitive to therapeutically agents
inducing metabolic stress (e.g.anti-angiogenic drugs), as these drugs cause apoptosis of the
tumour cells. However, in a situation, when tumour cells show defective autophagy and
apoptosis the approach to treatment should be different. As mentioned previously, simulta‐
neous deficiency in autophagy and apoptosis makes the tumour cells susceptible to metabolic
stress and DNA damage, leading to genome instability. Thus, use of metabolic or replication
stress-inducing agents may cause further DNA damage in these cells, resulting in enhanced
tumorigenic potential and development of drug resistance [17].

Figure 5. Different scenarios of response to metabolic stress in mammary tumorigenesis, depending on the functional
status of autophagy and apoptosis in the tumour cells.

Finally, recent studies have pointed at a possible, yet still unexplored role of autophagy during
invasion and metastasis. The studies with the use of 3D culture system revealed, that autoph‐
agy is induced in cell lacking the direct contact with ECM. The ability to survive in the absence
of normal ECM is critical for metastasis, since cancer cells in the bloodstream or secondary
tissue sites are either deprived of matrix or exposed to foreign matrix components [52]. The
metastatic, secondary tumours are often resistant to therapy. Disseminated tumour cells, prior
to development into the secondary tumours can remain in a dormant state for many years. In
vitro and in vivo studies on mice have shown, that inhibition of β1-integrin, one of the subunits
of integrin receptor responsible for cell contact with ECM, prevents proliferation of tumour
cells, but not their viability, leading to induction of dormant state [53, 54]. Other studies have
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shown that cell detachment from ECM induces autophagy [16, 18], and blocking β1-integrin
function in attached human MECs is also sufficient for autophagy induction [16]. Therefore it
is possible that detachment-induced autophagy in disseminated tumour cells may promote
survival of these cells in the dormant state.

All presented results show the complexity of the role of autophagy in cancer development and
progression. The possible role of activated, as well as defective autophagy in tumorigenesis is
summarized in Figure 5. Research work continues to determine the molecular pathways
regulating autophagy in tumour cells on different stages of tumour development. Results of
the future studies may be beneficial for proper modulation of autophagy during cancer
treatment and prevention.

Nomenclature

AMPK – AMP-activated protein kinase

E2 - 17β-estradiol

ECM – extracellular matrix

eIF2α – eukaryotic translation initiation factor 2 alpha

ER – endoplasmic reticulum

GFP-LC3 – LC3 (Atg8) protein fused with green fluorescence protein (a marker of autophagy)

GH – growth hormone

IGFBPs - insulin growth factor binding proteins

IGF-I – insulin-like growth factor-I

MECs – mammary epithelial cells

mTOR – mammalian target of rapamycin

P4 – progesterone

PERK – endoplasmic reticulum kinase

rBM – reconstituted basement membrane

TDLU - terminal duct lobular unit

TDU – terminal ductal unit

TEB – terminal end bud

TGF- β1 – transforming growth factor beta1

TSC1/2 – tuberous sclerosis complex (taking part in inhibition of mTOR kinase pathway)
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1. Introduction

Cell differentiation is a dynamic process that generates a functionally distinct cell from its
progenitor. For example, human erythrocytes lack most organelles - including a nucleus -
while erythrocyte precursors have a complete set of organelles. Autophagy plays a critical
role in organelle elimination in differentiating erythrocytes. On the other hand, most other
differentiated cells in the body do not lose their organelles, and would not seem to heavily
depend on autophagy during differentiation. However, evidence indicates that these cells
require  regulated  autophagy  during  the  differentiation  process.  For  example,  during
keratinocyte  differentiation  a  basal  cell  detaches  from  the  basement  membrane  and  is
pushed to the upper strata, and as the cell ascends its intracellular contents are replaced
with copious amounts of keratin. Drastic changes such these require cells to eliminate or
turn over a large amount of biomass. Differentiation also causes a shift in signaling and
survival pathways. An example of this is the prostate gland where the luminal cells require
PI3K for  survival  while  the  undifferentiated  basal  cells  do  not;  they  depend on MAPK
signaling for their survival. As we will discuss below, several different cell types use and
require  the  autophagic  pathway  to  properly  differentiate  and  survive.  While  links  be‐
tween  autophagy  and  differentiation  are  rapidly  being  identified,  the  mechanisms  that
trigger  autophagic  processes  during  differentiation  are  poorly  understood.  Genetics  has
served as a powerful tool for identifying the components of the autophagy machinery, but
how they are integrated with cellular cues that trigger differentiation need further charac‐
terization. We will discuss the recently identified link between autophagy and cell adhesion,
and its role in cellular differentiation and survival.
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2. Role of autophagy during differentiation

2.1. Erythrocytes

Erythrocytes are especially unique cells; they lack a nucleus, internal membrane-bound
organelles, and ribosomes, and they are packed with the oxygen transporter hemoglobin. The
cell arises from reticulocytes, a nucleated progenitor capable of generating the needed surplus
hemoglobin and the erythrocyte itself [1,2]. Generating such a simple cell requires processes
that eliminate organelles not essential for fully differentiated erythrocytes. A series of publi‐
cations from 2008 to present not only elucidated the involvement of autophagy during
reticulocyte differentiation, but also discovered that the mitochondria are specifically targeted
for autophagy by a protein called Nix [3-7].

Nix and its related family member, Bnip3, are unique mitochondrial-localized BH3-only
proteins. Although they can induce apoptosis when over expressed like most of the BH3-only
proteins, Nix and Bnip3 function to stimulate autophagy and mitophagy as well. The mito‐
phagic function of Nix was discovered in differentiating reticulocytes. Researchers knew that
Nix expression dramatically increases in the terminal stage of reticulocyte differentiation, but
the purpose for this remained unknown for several years [8]. In a relatively simple experiment,
researchers harvested erythrocytes from Nix-/- mice and using mitotrophic dyes quantified
mitochondria-containing erythrocytes. A significant population of the Nix-/- erythrocytes still
contained mitochondria. The absence of Nix did not affect LC3 levels, and autophagosomes
were still present. However, the autophagosomes in Nix-/- erythrocytes contained significantly
less mitochondria than the wild type controls [4].

Erythrocytes  from  Ulk1-/-  mice  retained  mitochondria  and  ribosomes,  indicating  the
necessity  of  the  general  autophagy  program  in  reticulocyte  differentiation.  Inhibiting
autophagy with the class III-PI3K inhibitor 3-methyladenine (3-MA) in wild type reticulo‐
cytes  prevented  mitochondrial  clearance  as  well.  The  peripheral  blood  in  Ulk-/-  mice
contained  an  increased  number  of  reticulocytes  indicating  a  reduced  capacity  to  be
converted  to  erythrocytes  [3].  Transplantation  of  fetal  liver  cells  from  Atg7-/-  mice  into
irradiated wild type mice  resulted in  overall  fewer  erythrocytes,  and these  erythrocytes
contained  mitochondria.[7].  Thus,  both  general  macroautophagy,  and  organelle-specific
autophagy  is  required  for  erythrocyte  differentiation.  The  above  studies  focused  on
mitochondria,  but  whether  specific  autophagic  targeting  of  other  organelles,  such  as
ribosomes and ER, is mediated by Nix or other organelle-specific factors during reticulo‐
cyte differentiation remains unanswered. Bnip3, like Nix, localizes to the ER, and research‐
ers  recently  demonstrated  that  Bnip3  targets  the  ER  for  autophagy  [9].  This  raises  the
possibility that Nix may also target the ER for autophagy. Targeted autophagic degrada‐
tion of ribosomes, termed ribophagy, occurs in S. cerevisiae. However, whether selective
ribophagy occurs in higher eukaryotes remains unknown [10]. These questions would be
interesting to answer in the reticulocyte differentiation model.
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2.2. Lymphocytes

In the same Atg7-/- transplantation model, there was a four-fold reduction in the number of
white blood cells and nine-fold reduction of lymphoid cells [7]. This observation was further
validated in hematopoietic-specific stem, fetal, and adult cell Atg7 knockout mouse models [9,
10, 11]. Mitochondrial accumulation was observed in both CD8+ and CD4+ T-cells, and these
cells succumbed to apoptosis in vitro more readily than the wild type controls [11]. T-cell
specific knockouts of Atg5 and Atg7 also displayed increased amounts of mitochondria and
were more susceptible to apoptosis [12,13]. Considering that the overall population of mature
T lymphocytes decreased and sensitivity to apoptosis increased in the autophagy-deficient T
lymphocyte models, it seems that the lymphopenia occurs due to excess cell death. Puo et al
tested this by stimulating T-cell proliferation in wild type and Atg5-/- T-cells and quantifying
the amount of daughter cells produced by using the stable dye, 5,6-carboxyfluorescein
diacetate succinimidyl ester (CFSE). CFSE diffuses into both cells during mitosis, causing a
decrease in individual cell fluorescent intensity with every division. The analysis demonstrat‐
ed that stimulated Atg5-/- T-cells did not produce daughter cells after three days and the authors
concluded that Atg5 is necessary for T-cell proliferation. However, CFSE cannot differentiate
between a dead or permeabilized cell and a non-proliferating cell, and over the three day
period there was a moderate increase in apoptosis [14,15]. In this model, it appears that
autophagy is required during T-cell hematopoiesis, at least in part, to prevent death of the
newly differentiated cells. It would be interesting to investigate this in an inducible model, to
test whether the dependence on autophagy is transient, i.e. only during early differentiation
stages, or required to maintain the differentiated population.

2.3. Adipocytes

Evidence also supports a role for autophagy in adipocyte differentiation. Treatment of mouse
embryonic fibroblasts (MEFs) with a cocktail of differentiation-inducing factors over the course
of two weeks causes accumulation of lipid analogous to mature adipocytes. In the absence of
Atg5 the MEFs fail to accumulate lipid droplets or display the molecular or structural pheno‐
type of differentiated adipocytes. Furthermore, Atg5-/- mouse pups have far fewer adipocytes
[16]. Knocking down Atg7 in 3T3-L1 preadipocytes attenuated the accumulation of triglycer‐
ides and several markers of mature adipocytes as well. This was further validated in vivo in
an adipose-specific Atg7 knock out mouse; the total fat in the knock out mouse weighed less
than half that of the wild type mice. Interestingly, the adipose-specific Atg7-/- mouse had
increased amounts of brown adipose tissue (BAT) and less white adipose tissue (WAT) relative
to the wild type mouse, and both the lipid droplets and adipocytes were smaller and more
densely packed than normal adipocytes [17,18]. The brown appearance of BAT is due to high
quantities of densely packed mitochondria. BAT can uncouple the mitochondrial ATPase and
continue oxidizing nutrients to generate thermal energy in place of the chemical energy
provided by ATP. Zhang et al. validated these results, but went further and confirmed an
increased presence of mitochondria [18]. Thus, while autophagy deficient adipocytes fail to
express differentiation markers and lack lipid droplet morphology, some of the effects seen in
autophagy-deficient adipocytes may result from the accumulation of mitochondria. Indeed,
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2. Role of autophagy during differentiation
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2.2. Lymphocytes
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ides and several markers of mature adipocytes as well. This was further validated in vivo in
an adipose-specific Atg7 knock out mouse; the total fat in the knock out mouse weighed less
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increased amounts of brown adipose tissue (BAT) and less white adipose tissue (WAT) relative
to the wild type mouse, and both the lipid droplets and adipocytes were smaller and more
densely packed than normal adipocytes [17,18]. The brown appearance of BAT is due to high
quantities of densely packed mitochondria. BAT can uncouple the mitochondrial ATPase and
continue oxidizing nutrients to generate thermal energy in place of the chemical energy
provided by ATP. Zhang et al. validated these results, but went further and confirmed an
increased presence of mitochondria [18]. Thus, while autophagy deficient adipocytes fail to
express differentiation markers and lack lipid droplet morphology, some of the effects seen in
autophagy-deficient adipocytes may result from the accumulation of mitochondria. Indeed,
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increased lipid catabolism in the form of β-oxidation occurred in the Atg7-/- adipocytes [17].
These findings points to a potentially functionally significant role for mitophagy during
adipocyte differentiation. WAT primarily stores fatty acids for use under starvation conditions.
Perhaps mitophagy is a necessary step for preventing wasteful energy expenditure through
lipid catabolism in adipocytes. However, loss of the pro-mitophagic protein Bnip3 causes
hepatocytes to accumulate mitochondria like adipocytes, but at the same time actually increase
anabolic processes such as fatty acid synthesis [19]. It would be interesting to identify the cause
of these differences.

2.4. Epithelial cells

Autophagy plays a role in different aspects of epithelial differentiation. One aspect resembles
that seen in erythrocytes. Keratinocyte basal cells begin differentiation by detaching from the
basement membrane and moving apically toward their fate of cornification and exfoliation. In
the granulation stage, keratinocytes lose their organelles and nucleus [20]. Increased protea‐
some activity accompanies granulation and accounts for some of the degradative action, but
entire organelles may require the autophagy pathway. Granulating keratinocytes are packed
with lysosome bodies, and examination of expression patterns during differentiation revealed
increased expression of the pro-autophagic proteins Beclin and Sirt1 [21,22]. Whether these
events are more specifically controlled by organelle-specific autophagy mechanisms as is
observed in erythrocytes has yet to be determined.

A question that remains is whether there is a role for autophagy in earlier epithelial differen‐
tiation stages, such as during the first emergence of suprabasal cells in striated epithelium. In
one study, 3-MA-treated keratinocytes failed to express the differentiation marker involucrin
when stimulated to differentiate in low glucose and high calcium [22]. However, this study
should be interpreted with caution, because the reduction in glucose used to induce differen‐
tiation is a metabolic stressor. Because the metabolic state of cells regulates rates of autophagy,
the increase in autophagy seen here may be an independent coincidence caused by the
metabolic stress used to induce differentiation. Additionally, the sole use of 3-MA to inhibit
autophagy brings up the question of selectivity. 3-MA also inhibits class I PI3K [23], an
important regulator of keratinocyte differentiation [24,25].

The most striking link between autophagy and early epithelial differentiation comes from
studies in the mammary gland. Autophagy promotes the survival of differentiated breast
epithelial cells in 3D models of breast acinar formation [26]. Like keratinocytes, the breast
epithelial cells lose adhesion to the ECM and push away from the basement membrane as
differentiation occurs. Autophagy is increased in the differentiating cells in the center of the
acini. However, inhibiting autophagy with 3-MA during differentiation increases luminal cell
caspase-3 cleavage and death rather than blocking differentiation per se [27]. This suggests
autophagy controls the rate of lumen cell loss, but the reason for needing this intermediate
step is not clear.

Another example of autophagy in epithelial differentiation is in development of the embryoid
body (EB). Embryoid bodies develop spontaneously from cultured embryonic stem cells,
forming a spherical body of cells that can differentiate into various cell types [28]. The inner
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cells of the EB display increased amounts of autophagic vacuoles similar to the breast epithelia
3D acini. However, unlike what happens in the breast acini, autophagy inhibition resulted in
the accumulation of dead cell bodies in the EB lumen, suggesting that in this case increased
autophagy is responsible for clearing out the dead cell debris accumulating at the center of the
EB spheroid. In EB, cavitation occurs in response to increased hypoxia. Qi et al concluded that
the hypoxic environment increased apoptosis inducing factor (AIF), which in turn increased
ROS production and HIF2α signaling, and subsequently up-regulated pro-autophagic Bnip3.
Knocking down any of the aforementioned proteins delayed cavitation of the EB. However,
unlike the 3D breast acini model, inhibiting autophagy delayed caspase cleavage [29].

The examples in breast and embryoid bodies indicate that one of the roles of autophagy is to
control when and how cell death occurs during differentiation, whereas autophagy is required
for organelle clearing and survival in granulocytic keratinocytes and erythrocytes [21]. Thus,
depending on the situation or cell state, autophagy can play distinct roles in differentiation.

A key question that remains in many of these models is why autophagy is important during
differentiation. Mitochondrial clearance is likely important for the functional aspect of
erythrocytes; if erythrocytes still contained mitochondria and carried out oxidative phosphor‐
ylation they would probably deplete much of their own oxygen in circulation before reaching
tissues needing oxygen. Failure to eliminate mitochondria during adipocyte differentiation
results in increased catabolism and a poor ability to store fat. However, in many systems
autophagy seems to allow the cells to simply survive differentiation. Perhaps the metabolic
stress of differentiating takes a toll on the integrity of the mitochondria and other intracellular
components and autophagy increases just to keep up with the increased demand for mainte‐
nance. On the other hand, autophagy may have specific tumor suppressive effects during
differentiation. Loss or reduction in autophagy appears to be required for tumor initiation and
it is well established that tumorigenesis is linked with aberrant differentiation. One possibility
is that autophagy actually promotes terminal differentiation, creating an antagonist to
tumorigenesis. The sacrifice the tumor cells make is to create a greater dependence on anti-
apoptotic survival pathways to compensate for the lack of the survival benefit of autophagy.
However, as cancer progresses, some aspects of the autophagy pathway re-emerge as a
mechanism to escape death under stress, but this must be balanced by preventing differentia‐
tion and reduced dependence on mitochondria for energy.

3. Adhesion and regulation of autophagy

In the case of multilayered epithelia, such as skin, bladder, prostate, and breast, differentiation
occurs as the cells detach from the basement membrane and ascend apically. Such major
changes require extensive reprogramming of signaling networks and gene expression, and
cells must eliminate or inhibit the former cellular programming machinery. Failure to effi‐
ciently modify the programming can cause cellular stress and/or oncogenesis. Perhaps an
immediate increase in autophagy aids in temporal separation of the undifferentiated and
differentiated cell signaling and programming pathways. Coincident with this process is the
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the increase in autophagy seen here may be an independent coincidence caused by the
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epithelial cells in 3D models of breast acinar formation [26]. Like keratinocytes, the breast
epithelial cells lose adhesion to the ECM and push away from the basement membrane as
differentiation occurs. Autophagy is increased in the differentiating cells in the center of the
acini. However, inhibiting autophagy with 3-MA during differentiation increases luminal cell
caspase-3 cleavage and death rather than blocking differentiation per se [27]. This suggests
autophagy controls the rate of lumen cell loss, but the reason for needing this intermediate
step is not clear.

Another example of autophagy in epithelial differentiation is in development of the embryoid
body (EB). Embryoid bodies develop spontaneously from cultured embryonic stem cells,
forming a spherical body of cells that can differentiate into various cell types [28]. The inner
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EB spheroid. In EB, cavitation occurs in response to increased hypoxia. Qi et al concluded that
the hypoxic environment increased apoptosis inducing factor (AIF), which in turn increased
ROS production and HIF2α signaling, and subsequently up-regulated pro-autophagic Bnip3.
Knocking down any of the aforementioned proteins delayed cavitation of the EB. However,
unlike the 3D breast acini model, inhibiting autophagy delayed caspase cleavage [29].

The examples in breast and embryoid bodies indicate that one of the roles of autophagy is to
control when and how cell death occurs during differentiation, whereas autophagy is required
for organelle clearing and survival in granulocytic keratinocytes and erythrocytes [21]. Thus,
depending on the situation or cell state, autophagy can play distinct roles in differentiation.

A key question that remains in many of these models is why autophagy is important during
differentiation. Mitochondrial clearance is likely important for the functional aspect of
erythrocytes; if erythrocytes still contained mitochondria and carried out oxidative phosphor‐
ylation they would probably deplete much of their own oxygen in circulation before reaching
tissues needing oxygen. Failure to eliminate mitochondria during adipocyte differentiation
results in increased catabolism and a poor ability to store fat. However, in many systems
autophagy seems to allow the cells to simply survive differentiation. Perhaps the metabolic
stress of differentiating takes a toll on the integrity of the mitochondria and other intracellular
components and autophagy increases just to keep up with the increased demand for mainte‐
nance. On the other hand, autophagy may have specific tumor suppressive effects during
differentiation. Loss or reduction in autophagy appears to be required for tumor initiation and
it is well established that tumorigenesis is linked with aberrant differentiation. One possibility
is that autophagy actually promotes terminal differentiation, creating an antagonist to
tumorigenesis. The sacrifice the tumor cells make is to create a greater dependence on anti-
apoptotic survival pathways to compensate for the lack of the survival benefit of autophagy.
However, as cancer progresses, some aspects of the autophagy pathway re-emerge as a
mechanism to escape death under stress, but this must be balanced by preventing differentia‐
tion and reduced dependence on mitochondria for energy.

3. Adhesion and regulation of autophagy

In the case of multilayered epithelia, such as skin, bladder, prostate, and breast, differentiation
occurs as the cells detach from the basement membrane and ascend apically. Such major
changes require extensive reprogramming of signaling networks and gene expression, and
cells must eliminate or inhibit the former cellular programming machinery. Failure to effi‐
ciently modify the programming can cause cellular stress and/or oncogenesis. Perhaps an
immediate increase in autophagy aids in temporal separation of the undifferentiated and
differentiated cell signaling and programming pathways. Coincident with this process is the
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need to maintain cell survival. This brings to question what signaling molecules in differen‐
tiation regulate autophagy.

3.1. Integrins and detachment-induced autophagy

Integrins, a family of heterodimeric transmembrane proteins, mediate cell adhesion to the
extracellular matrix (ECM). Integrins regulate a variety of functions at the cellular and
molecular level [30]. In stratified epithelial cell differentiation the integrins holding basal cells
to the basement membrane become internalized and eliminated as the cell stratifies. Integrins
form focal points with complexes of signaling molecules to maintain the connection between
the matrix and the contracting cytoskeleton [31]. Cell survival is a key function of integrins.
Loss of cell adhesion due to disengagement of integrins from their ECM ligand simultaneously
activates extrinsic and intrinsic apoptotic cell death termed anoikis [32]. This signaling
pathway prevents exfoliated or damaged cells from surviving detachment and adhering at an
improper location.

Detachment and anoikis also aids in lumen clearing in secretory epithelium. As epithelial cells
become contact inhibited, they force some cells off the basement membrane [33]. In undiffer‐
entiated epithelium this loss of adhesion would normally trigger anoikis and apoptosis.
However, in differentiating epithelium, autophagy is triggered which delays the rapid onset
of anoikis. This was demonstrated in both 3D acini and in suspended cells. Autophagy was
induced in a subpopulation of human mammary epithelial MCF10A and canine kidney
epithelial cells when they were placed in suspension, which allowed them to survive anoikis.
Inhibiting autophagy by knocking down the autophagy proteins ATG5, ATG6, and ATG7 in
suspended MCF-10A cells increased cleaved caspase-3 positive cells and decreased replating
efficiency [27]. Further studies demonstrated that the decision to undergo autophagy, as
opposed to anoikis, is controlled in part by up-regulation PERK to suppress ROS, through
activation of the ER stress pathway, and resulting in increased expression of ATG6 and ATG8
[34]. When squamous cell carcinomas (SCCs) were isolated from FAK-/- mice (which presum‐
ably have altered integrin-based adhesion), or when SCCs isolated from wild type mice were
placed in suspension, the rate of autophagy was significantly increased. This resulted in the
targeting of Src to autophagosomes through c-Cbl in an E3-ligase-independent mechanism
[35]. The major conclusion drawn from these studies is that loss of matrix adhesion induces
autophagy.

3.2. Attachment-induced autophagy

This latter conclusion is partially contradicted by several studies demonstrating that adhesion
to matrix is required to promote autophagy. In a study on human primary basal prostate
epithelial cells (PrEC) researchers found that blocking integrin interactions with the ECM
inhibited autophagy induced by starvation. In culture, PrECs secrete and adhere to a laminin
5, via integrins α3β1 and α6β4. These integrins were necessary for maintaining cell survival
through Src and ligand-independent EGFR activation. Blocking integrin α3, α6, or β4 with
antibodies inhibited both survival and autophagy in these cells. Particularly interesting is that
inhibiting autophagy with 3-MA or blocking integrin α3 antibodies induced caspase cleavage,
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but inhibiting EGFR alone did not. Since a class I-specific inhibitor could not induce apoptosis
in PrECs, it is unlikely that off target inhibition of class I PI3K by 3-MA resulted in caspase
cleavage. In addition, cell adhesion or inhibition of EGFR had no effect on Akt phosphoryla‐
tion, which suggests that integrin-mediated maintenance of autophagy does not occur through
the PI3K/Akt pathway in PrECs [36]. This study demonstrated that integrin adhesion mediates
autophagy. While the exact downstream signaling pathway from integrins to autophagy
remains unclear, survival was dependent on Erk signaling which is known to promote
autophagy. A subsequent study demonstrated that in prostate cancer cells the androgen
receptor promoted survival via integrin α6β1 activation of IKK/NF-κB signaling, independent
of the PI3K/Akt pathway [37]. A similar dependence on the IKK/NF-κB pathway for survival
is mediated by integrin α6β4 in polarized cells of 3D breast acinar structures and over
activation of this pathway is sufficient to overcome suspension-induced anoikis and apoptosis
[38-40]. Given that activation of the IKK/NF-κB pathway can induce autophagy [41], it is
reasonable to suspect that integrins may regulate autophagy in part through the IKK/NF-κB
pathway (Figure 1A). Further insight into how integrins regulate NF-κB and autophagy is
needed.

Stimulation of smooth muscle cells with the integrin ligand osteopontin, stimulated autophagy
related-genes, autophagosome formation, and ultimately cell death [42]. This effect was
mediated by p38-MAPK through integrin and CD44 (Figure 1C). In a Drosophila genetic
screen, paxillin, a downstream target of integrins, was found to associate with Atg1 and to be
required for starvation-induced autophagy in MEFs [43]. However, in the fly, the ability of
paxillin to facilitate autophagy was not linked with integrins. Whether this is true in the
mammalian model has not been determined. Thus, several studies implicate integrin-based
adhesion in both suppressing as well as stimulating autophagy. Since all these studies were
conducted in different model systems and under different culture conditions, it is difficult to
draw a definitive conclusion. Therefore, when studying different biological events it is
necessary to consider several possible mechanisms and signaling pathways that could
influence autophagy.

Some consideration should be given to a potential alternative mechanism to explain detach‐
ment-induced autophagy. Although it was quite thoroughly demonstrated that the cells
increased the rate of autophagy after losing ECM contact, in both the EB and acini models the
cells are undergoing a differentiation program and remaining in contact with neighboring
cells. In the MCF-10A breast model where cells were put into suspension and 25% survived
anoikis, these cells existed in large aggregates [27]. In light of the fact that increased cell density
also increases autophagy in vitro, one could hypothesize that the proteins mediating cell-cell
contact may be signaling to increase autophagy in the detached cells [23].

3.3. Cell-cell adhesion-induced autophagy

A relatively new process called entosis, whereby cell-cell adhesion induces the entry of one
cell into a neighboring cell, was found to trigger an autophagic response [44] by mechanisms
that resemble pathogen engulfment by immune cells. The ability of cells to entose depends on
adherens junctions in the absence of integrin adhesion [45]. The major protein that mediates
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This latter conclusion is partially contradicted by several studies demonstrating that adhesion
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epithelial cells (PrEC) researchers found that blocking integrin interactions with the ECM
inhibited autophagy induced by starvation. In culture, PrECs secrete and adhere to a laminin
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reasonable to suspect that integrins may regulate autophagy in part through the IKK/NF-κB
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Stimulation of smooth muscle cells with the integrin ligand osteopontin, stimulated autophagy
related-genes, autophagosome formation, and ultimately cell death [42]. This effect was
mediated by p38-MAPK through integrin and CD44 (Figure 1C). In a Drosophila genetic
screen, paxillin, a downstream target of integrins, was found to associate with Atg1 and to be
required for starvation-induced autophagy in MEFs [43]. However, in the fly, the ability of
paxillin to facilitate autophagy was not linked with integrins. Whether this is true in the
mammalian model has not been determined. Thus, several studies implicate integrin-based
adhesion in both suppressing as well as stimulating autophagy. Since all these studies were
conducted in different model systems and under different culture conditions, it is difficult to
draw a definitive conclusion. Therefore, when studying different biological events it is
necessary to consider several possible mechanisms and signaling pathways that could
influence autophagy.

Some consideration should be given to a potential alternative mechanism to explain detach‐
ment-induced autophagy. Although it was quite thoroughly demonstrated that the cells
increased the rate of autophagy after losing ECM contact, in both the EB and acini models the
cells are undergoing a differentiation program and remaining in contact with neighboring
cells. In the MCF-10A breast model where cells were put into suspension and 25% survived
anoikis, these cells existed in large aggregates [27]. In light of the fact that increased cell density
also increases autophagy in vitro, one could hypothesize that the proteins mediating cell-cell
contact may be signaling to increase autophagy in the detached cells [23].

3.3. Cell-cell adhesion-induced autophagy

A relatively new process called entosis, whereby cell-cell adhesion induces the entry of one
cell into a neighboring cell, was found to trigger an autophagic response [44] by mechanisms
that resemble pathogen engulfment by immune cells. The ability of cells to entose depends on
adherens junctions in the absence of integrin adhesion [45]. The major protein that mediates
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epithelial cell-cell contact through adherens junctions is E-cadherin. This vital protein holds
the epithelium together and promotes the survival of cells [46-48]. Adherens junctions mediate
the connection between cells by essentially bridging the actin cytoskeleton of two different
cells. A plethora of signaling events are controlled by E-cadherin. In the case of autophagy,
one point of interest is regulation of AMPK.

In response to low ATP levels, AMPK directly phosphorylates and activates Ulk1 in parallel
to deactivating the autophagy suppressor mTOR [49]. Membrane bound E-cadherin localizes
with the AMPK activator LKB1 (Figure 1B), and by doing so increases AMPK activation by
bringing it into close proximity with LKB1 [50]. In one study AMPK was required for the drug

Figure 1. Cell Adhesion Pathways that Promote Autophagy. (A) Integrin α6β1 activates NF-κB through IKK signaling.
Together, IKK and NF-κB can up-regulate and activate Beclin, and NF-κB in turn regulates pro-mitophagic Bnip3 ex‐
pression. (B) AMPK localizes with LKB1 at adherens junctions where LKB1 activates AMPK signaling, which can activate
autophagy through Ulk1. (C) Osteopontin activates p38 MAPK-induced autophagy through CD44 and αvβ3.
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Atorva to induce an endoplasmic reticulum stress response, autophagy, and phosphorylation
of eIF2α [51]. Interestingly, in the MCF-10A detachment-induced autophagy model, suspend‐
ed cells had increased levels of activated PERK, a well-documented cytoprotective ER stress-
response protein that induces autophagy, and increased phosphorylation of the downstream
PERK target eIF2α in conjunction with increased autophagic flux [34]. Considering the
overlapping pathways and the correlation of detachment-induced autophagy with cell-cell
contact this could be a promising area to investigate.

3.4. Genetic evidence for integrin adhesion and autophagy

Deficiency of the laminin α2 chain (LAMA2) in laminin 2 causes a form of congenital muscular
dystrophy known as MDC1A. MDC1A patients present with severe muscle weakness,
peripheral neuropathy, and joint contractures [52]. The LAMA2-deficient mouse model (dy3K/
dy3K) develops muscle weakness two weeks after birth and dies by 5 weeks with severe
muscular dystrophy [53,54]. The dy3K/dy3K mice feature increases in myocyte apoptosis,
degeneration/regeneration cycles, variable fiber sizes, and connective tissue hyperprolifera‐
tion. dy3K/dy3K mice exhibit significantly increased expression of the autophagy related genes
Bnip3, Bnip3l, p62, LC3B, GABARAP1, Vps34, Atg4b, Cathepsin L, Lamp2a, and Beclin.
Administration of 3-MA to the dy3K/dy3K mice increased lifespans, increased average muscle
fiber diameter, decreased the presence of caspase-3 in myocytes, and partially restored
muscular morphology. In addition, immunofluorescent staining of muscle biopsies from
MDC1A patients showed an increased amount of LC3B in the myocytes. Thus, patients with
MDC1A may essentially suffer from excessive muscular autophagy due to a lack of interaction
with the matrix protein laminin 2 (Figure 2A). This example supports a role for matrix
detachment in inducing autophagy.

On the other hand, one of the LAMA2 receptors, dystroglycan which binds laminin extracell‐
ularly and dystrophin intracellularly, may promote adhesion-dependent autophagy. One
function of the dystroglycan/dystrophin complex is to bind F-actin to anchor the cytoskeleton
in place. Like the dy3K/dy3K mice, the dystrophin mutant (mdx) mice display a muscular
dystrophy phenotype. However, in this case, the mdx mice accumulate damaged mitochon‐
dria, and inducing autophagy through AMPK activation in these mice ameliorates the disease
phenotype, indicating there is a defect in muscle autophagy in mdx mice. This further suggests
that adhesion to laminin through the dystroglycan/dystrophin connection is required to
maintain autophagy in myocytes [55,56]. It is worth noting that mutations in integrin α7 are
associated with muscular dystrophy as well. The integrin dimer α7β1 is another receptor that
binds laminin-α2 and resides on myocytes [57]. However, whether α7β1 interactions affect
autophagy in these diseases remains unknown. Further evidence supporting the concept that
cell adhesion mediates autophagy comes from the study of Ulrich’s Congenital Muscular
Dystrophy (UCMD) and Bethlem Myopathy. Both diseases involve chronic weakening and
degradation of skeletal muscle due to the spontaneous death of myocytes, which ultimately
leads to death. Genetic studies discerned that mutations in the gene coding for collagen VI
correlate with the condition [58]. Furthermore, genetically modified mice lacking the collagen
VI gene (Col6-/-) develop myopathies similar to UCMD and Bethlem Myopathy. The Col6-/-
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 mice have dysmorphic and dysfunctional myofibers characterized by increased apoptosis and
reduced muscle strength compared to wild type mice [59]. Electron microscopy of Col6-/-

myocytes revealed damaged and misshapen mitochondria and biochemical assays demon‐
strated that the mitochondria are dysfunctional. Inhibiting mitochondrial permeablization
with Cyclosporine A in Col6-/- mice and in patients with homologous myopathies ameliorated
the diseases effects [60], and genetic ablation of the cyclosporine A target, Cyclophilin D, also
mitigated the symptoms in Col6-/- mice [61]

Later research found that Col6-/- mice muscle tissue expressed lower levels of the pro-auto‐
phagic proteins Beclin and Bnip3 and displayed a significant decrease in autophagy (Figure
2B). Forced expression of Beclin and Bnip3 partially reversed the disease phenotype in
Col6-/- myocytes, and inducing autophagy by fasting the Col6-/- mice reestablished autophagy
and decreased apoptosis in the myocytes. Furthermore, fasting or treating the Col6-/- mice with
Rapamycin, to block the autophagy inhibitor mTor, decreased the presence of dysfunctional
mitochondria [62]. These latter studies on Col6-related myopathies indicate that myocyte cell
adhesion to collagen maintains autophagic flux and cell survival, while unregulated detach‐
ment inhibits autophagy.

Figure 2. Matrix Adhesion Pathways and Autophagy in Muscle Cells. (A) Laminin α2 is bound by the α- and β-dystro‐
glycan complex, which in turn binds dystrophin, a protein that anchors the complex onto F-actin. Loss of Laminin α2
caused increase expression of Beclin, Bnip3, Bnip3l, Vps34, and several other autophagy related proteins. Both Bnip3
and Bnip3l can induce mitophagy as well. Integrin α7β1 binds laminin α2 as well, but a connection with autophagy
has not been established. (B) Loss of Collagen VI increased pro autophagic and pro mitophagic genes and caused de‐
creased autophagy along with decreased expression of Beclin and Bnip3. The collagen receptor integrin α2β1 may be
responsible for this.
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Figure 3. Mechanisms for Cell Adhesion-Induced Autophagy. The intracellular domain of integrins binds to FAK,
which activates the Ras/Raf/MEK/Erk signaling cascade. Integrins and dystrophin both can activate p38 MAPK. Both
Erk and p38 can phosphorylate JNK and induce autophagy. JNK in turn can either inhibit autophagy through suppres‐
sion of FoxO or promote autophagy through activation of c-Jun, which can positively and negatively regulate autoph‐
agy. Integrins can also activate the IKKα/β–NF-κB pathway. IKKα/β induces autophagy both dependently and
independently of NF-κB; however, NF-κB can also inhibit autophagy in some cases. Integrins also activate the
PI3K/Akt/TORC1, which inhibit autophagy by phosphorylating and inhibiting FoxO3 and Ulk1. LKB1 binds to E-cad‐
herin and activates AMPK. AMPK both activates Ulk1 and inhibits TORC1, causing an increase in autophagy. Some evi‐
dence indicates that cell-cell adhesion may also activate the autophagy-inducer eIF2α.

3.5. Cell adhesion signaling pathways that regulate autophagy

Adhesion proteins interact with a host of proteins and activate several well characterized
pathways that affect autophagy. Recall that the dystrophin glycoprotein complex promotes
adhesion dependent signaling in myocytes, and the importance of this was highlighted in the
Mdx and dy3K/dy3K mice (Figure 2A). When the dystrophin glycoprotein complex is bound to
laminin, an intracellular component of the complex called syntrophin binds and activates the
Rac1 signaling complex, leading to activation of JNK, a protein that can both positively and
negatively regulate autophagy [63] (Figure 3). JNK can induce autophagy by phosphorylating
Bcl-2 and thus preventing Bcl-2 from inhibiting Beclin [64]. JNK also regulates several tran‐
scription factors that in turn mediate expression or repression of autophagy related genes. For
example, genetic ablation of all three JNK isoforms results in constitutive activation of the
transcription factor FoxO, causing an increase in autophagy and the effector proteins Bnip3
and Beclin. JNK can also activate the transcription factor c-Jun, a protein which when overex‐
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pressed can inhibit autophagy under starvation conditions [65]. On the other hand, another
study showed that JNK was required for ceramide induced autophagy and expression of Beclin
[66]. Furthermore, Jnk1 can phosphorylate Bcl-2 to release Beclin and promote autophagy [67].
Integrins may also regulate autophagy via p38 MAPK. Osteopontin binds integrins and CD44
and induces autophagy through activation of p38 MAPK [42]. Although some evidence
indicates that p38 inhibits autophagy, p38 can activate JNK [68], which could provide a
potential mechanism for both positive and negative regulation of autophagy by integrins.
Finally, integrins stimulate Erk1/2 signaling as well, which activates autophagy through
numerous pathways including activation of JNK [68].

Signaling through IKKα/β–NF-κB is another node for promoting autophagy (Figure 3). IKKα/
β regulates the expression of autophagy-related genes by activating NF-κB, which in turn has
been shown to both positively and negatively regulate autophagy [41,69,70]. IKKα/β can also
activate autophagy independently of NF-κB [70]. Cells expressing constitutively active
subunits of the IKK complex had increased autophagy and increased levels of phosphorylated
active AMPK and JNK [71]. Considering that blocking integrin adhesion in PrECs subsequent‐
ly attenuated autophagy [36], and that integrin mediated adhesion to laminin increased IKKα/
β - NF-κB signaling enough to significantly increase survival in a prostate cancer line [46],
signaling through IKKα/β - NF-κB may be a mechanism by which integrin-mediated-cell-
adhesion promotes autophagy. It would be interesting to determine whether this mechanism
occurs and whether it is dependent or independent of NF-κB.

PI3K/Akt signaling potently suppresses autophagy [72,73] (Figure 3). Akt activates the TORC1
complex, which in turn phosphorylates and inactivates the autophagy-initiating kinase Ulk1
[73]. Akt itself phosphorylates and inactivates the FoxO3a transcription factor. This prevents
FoxO3a from inducing the expression of numerous autophagy- and Mitophagy-related genes
[74]. Integrins can activate PI3K/Akt signaling [30], making it possible that integrins could
suppress autophagy through this pathway as well. Perhaps this explains the cases in which
detachment from the basement membrane actually promoted autophagy. However, it was
shown that detachment of breast epithelial cells both increased autophagy and induced
phosphorylation of eIF2α, a target of the ER kinase PERK and a protein capable of inducing
autophagy [34].

AMPK activates autophagy by inhibiting TORC1 and activating Ulk1 via direct phosphory‐
lation [49]. LKB1 localizes with engaged E-cadherin and activates AMPK signaling when ATP
levels are low (Figure 3), providing a potential mechanism for cell-cell-interaction-mediated
autophagy that might be relevant in detachment induced autophagy mechanisms in which
cell-cell contact is maintained [50].

4. Conclusion

In many of the studies discussed above and in other diseases and models the effects of
autophagy  are  very  mitochondria-centric.  For  example,  the  Col6-/-  mice  phenotype  was
rescued  by  inhibiting  mitochondrial  depolarization,  re-expressing  Beclin  or  the  pro-
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mitophagic  protein  Bnip3,  or  by  starvation-induced  autophagy  [61,62].  Although  not
discussed in this chapter, it is interesting to note that Parkinson’s disease is associated with
mutations in several genes that target damaged mitochondria for mitophagy, and increas‐
ing evidence implicates mitophagy as having a role in retarding aging in general [75,76].
Considering that mitochondria can induce apoptosis and regulate the levels of ROS, one
could imagine mitophagy as being a mechanism of survival during detachment or a method
of maintaining cell integrity during adhesion.

Cell interaction with ECM and other cells of the same organism is imperative for - and
essentially defines - multicellular organisms. Aside from being the scaffolding that organizes
cells into functional macrostructures, the ECM extensively regulates cellular behavior [30]. The
importance of these interactions is well demonstrated in the mounting evidence indicating
that varied interactions with the ECM can actually differentially dictate the fate of stem cell
differentiation [77]. Understanding the effects of the ECM on cell biology not only increases
the understanding of normal organismal development and biology, but also diseases such as
cancer or the various forms of muscular dystrophy [78,79]. With the current rise in under‐
standing of autophagy in diseases and development, understanding how extracellular
interactions and differentiation affect autophagy is an important avenue to explore in the
future.

Nomenclature

3-MA - 3-methyladenine

AIF - apoptosis inducing factor

BAT - brown adipose tissue

Col6 - collagen VI gene

CFSE - 5,6-carboxyfluorescein diacetate succinimidyl ester

EB - embryoid body

ECM - extracellular matrix

LAMA2 - laminin α2 chain

Mdx - dystrophin gene

MEF - mouse embryo fibroblast

PrEC - prostate epithelial cell

SSC- squamous cell carcinomas

UCMD - Ulrich’s Congenital Muscular Dystrophy

WAT- white adipose tissues
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1. Introduction

1.1. Ageing

The process of ageing compromises the age-associated decrease in fertility, gradual loss of
function, and increased vulnerability to disease, which progressively diminishes the capability
of an organism to survive [1-3]. Unsurprisingly, in the past years it has been of great interest
to understand which factors influence this inevitable and complex process. As a result a wide
array of molecular and cellular damages has been identified and shown to accumulate during
ageing. The lifelong accumulation of such damages will eventually result in frailty and disease
[4]. The variety of identified age-dependent damages has given rise to different theories for
molecular ageing mechanisms. These mechanisms include decreased cellular capacity to deal
with DNA damage, and decline in cellular division capacity, which is linked to the progressive
shortening of telomeres upon each cell cycle. Also an increased accumulation of damaged
mitochondria and the involved increase in reactive oxygen species (ROS) production and
decline in ATP synthesis has been shown to occur over time (reviewed in [5]). One of the
phenotypic hallmarks of aged cells is the intracellular accumulation of damaged proteins and
therefore protein turnover/protein degradation has attracted attention over the last years [2].

At the same time, forward genetics have allowed to investigate single gene alterations and
their influence on lifespan of whole organisms. Even though the ageing process is without
doubt influenced by stochastic and environmental factors, single gene mutations were shown
to extend lifespan in worms, flies, and mice, suggesting the existence of a central process of
ageing [6, 7]. Many of the genetic manipulations that alter longevity affect metabolism, nutrient
sensing and stress response pathways. As all these pathways are connected to autophagy (an
important player also in protein turnover), the question about the role of autophagy in ageing
has come more and more to the fore. In this chapter we will focus on how research conducted

© 2013 Schultz et al.; licensee InTech. This is an open access article distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.

© 2013 Schultz et al.; licensee InTech. This is a paper distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.

© 2013 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons 
Attribution License http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution, 
and reproduction in any medium, provided the original work is properly cited.



Chapter 22

Time Flies: Autophagy During Ageing in Drosophila

Sebastian Wolfgang Schultz, Andreas Brech and
Ioannis P. Nezis

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/55396

1. Introduction

1.1. Ageing

The process of ageing compromises the age-associated decrease in fertility, gradual loss of
function, and increased vulnerability to disease, which progressively diminishes the capability
of an organism to survive [1-3]. Unsurprisingly, in the past years it has been of great interest
to understand which factors influence this inevitable and complex process. As a result a wide
array of molecular and cellular damages has been identified and shown to accumulate during
ageing. The lifelong accumulation of such damages will eventually result in frailty and disease
[4]. The variety of identified age-dependent damages has given rise to different theories for
molecular ageing mechanisms. These mechanisms include decreased cellular capacity to deal
with DNA damage, and decline in cellular division capacity, which is linked to the progressive
shortening of telomeres upon each cell cycle. Also an increased accumulation of damaged
mitochondria and the involved increase in reactive oxygen species (ROS) production and
decline in ATP synthesis has been shown to occur over time (reviewed in [5]). One of the
phenotypic hallmarks of aged cells is the intracellular accumulation of damaged proteins and
therefore protein turnover/protein degradation has attracted attention over the last years [2].

At the same time, forward genetics have allowed to investigate single gene alterations and
their influence on lifespan of whole organisms. Even though the ageing process is without
doubt influenced by stochastic and environmental factors, single gene mutations were shown
to extend lifespan in worms, flies, and mice, suggesting the existence of a central process of
ageing [6, 7]. Many of the genetic manipulations that alter longevity affect metabolism, nutrient
sensing and stress response pathways. As all these pathways are connected to autophagy (an
important player also in protein turnover), the question about the role of autophagy in ageing
has come more and more to the fore. In this chapter we will focus on how research conducted

© 2013 Schultz et al.; licensee InTech. This is an open access article distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.

© 2013 Schultz et al.; licensee InTech. This is a paper distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.

© 2013 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons 
Attribution License http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution, 
and reproduction in any medium, provided the original work is properly cited.



in the excellent genetic model system Drosophila melanogaster has contributed to understand
more about the interplay of autophagy and ageing.

2. Autophagy

Autophagy, which literally means “self-eating” (coined by Nobel Laureate Christian de
Duve  in  1963),  allows  cells  to  digest  cytosolic  components  via  lysosomal  degradation.
Autophagy  and  the  Ubiquitin  Proteasome  System  (UPS)  constitute  together  the  main
cellular pathways for protein and organelle turnover [8, 9]. Today, three different classes
of autophagy are distinguished: microautophagy, chaperone-mediated autophagy (CMA),
and macroautophagy.

During microautophagy, which is mainly studied in yeast (containing vacuoles instead of
lysosomes), cytoplasmic material is delivered to the vacuolar lumen by direct invagination of
the vacuolar boundary membrane and budding of autophagic bodies into the vacuolar lumen
[10]. The molecular mechanisms underlying microautophagy in eukaryotic cells are largely
unknown. However, Cuervo and colleagues described a microautophagy-like process (named
endosomal microautophagy, e-MI) in mammalian cells, whereby soluble cytosolic proteins are
selectively taken up by late endosomes/multivesicular bodies (MVBs). The cargo selection in
e-MI depends on the chaperone Hsc70 and electrostatic interactions with the endosomal
membrane [11]. Hsc70 is also involved in chaperone-mediated autophagy (CMA), in which
cytosolic cargo is selectively recognized, bound by the lysosome-associated membrane type
protein 2A (LAMP-2A) and finally taken up by the lysosome, thereby allowing for direct
lysosomal degradation of cytosolic proteins. The requirement of protein unfolding and the
binding of LAMP2-A is characteristic for CMA and thereby distinguishes CMA from e-MI [11,
12]. So far, CMA has not been investigated in Drosophila melanogaster. The third common type
of autophagy, macroautophagy (henceforth referred to as autophagy), is highly conserved
from yeast to mammalian cells [8]. Autophagy allows for cytosolic bulk degradation of long-
lived macromolecules and organelles. Morphologically this process was already described in
the 1960s but it was not before several decades later when genetic screens in Saccharomyces
cerevisiae identified multiple genes involved in autophagy and thereby allowed to investigate
the molecular mechanisms in further detail [13, 14]. Genetic screens in S. cerevisiae have since
then led to the identification of numerous autophagy-related (ATG) genes and many homologs
have been identified and characterized in higher eukaryotes [15]. In general, autophagy can
be divided into three steps: 1) induction/nucleation; 2) expansion; and 3) maturation [16].

The formation of a cytosolic double membrane structure called the phagophore (also called
isolation membrane) is an important step of autophagy initiation. It is subject of discussion
about the origin of this initial autophagic membrane. Independent experiments identified ER,
Golgi, or the outer membrane of mitochondria to contribute to the phagophore double
membrane [17, 18]. Cytosolic components are enwrapped during the growth of the phago‐
phore. Closure of the phagophore completes this engulfment and gives rise to a new structure
called the autophagosome. These newly formed autophagosomes will further mature and
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subsequently fuse with lysosomes where the captured cytosolic constituents will be degraded.
Autophagy can achieve several purposes; it scavenges the cytosol from macromolecules and
organelles but also provides a way to supply the cells with amino acids and if necessary with
energy once the recycled amino acids are converted into intermediates of the tricarboxylic acid
cycle (TCA) [15, 18-20]. It is therefore of little surprise that the autophagic machinery, which
under normal conditions is running on low basal levels, can be set in motion by several intra-
and extracellular stress factors, such as starvation, ER-stress, hypoxia and pathogen invasion
[15]. Besides non-selective cytosolic bulk-degradation, autophagy is also implicated in
selective turnover in yeast, a pathway known as the cytoplasm-to-vacuole targeting (CVT)
pathway [21]. In analogy, cargo selective degradation of aggregated proteins (aggrephagy
[22]), mitochondria (mitophagy [23]), ribosomes (ribophagy [24]), peroxisomes (pexophagy
[25]), endoplasmic reticulum (reticulophagy [26]) and many more have been reported for
mammalian systems [27]. The role of selective autophagy in ageing will be further addressed
in a separate section of this chapter.

Several protein complexes are involved along the path from initiation to completion of
autophagy. Induction of autophagy in Drosophila requires the Ser/Thr kinase Atg1 that forms
a complex with Atg13. Phosphorylation of Atg13 by Atg1 directs phagophore initiation
through a complex containing the class III PI(3)-kinase Vps34, the Ser/Thr kinase Vps15 and
Atg6 (Beclin1 in mammals). The activation of this complex leads to localized generation of
phosphatidylinositol-3-phosphate (PI3P), a critical step in autophagy. In mammalian systems,
this core complex has several known interaction partners, e.g. Atg14, Ambra1, UVRAG, or
Rubicon, that are all involved in autophagy. Several of these mammalian genes have ortho‐
logues in Drosophila, however their involvement in autophagy remains to be shown (reviewed
in [28]). UVRAG has recently been found to be important in the regulation of Notch levels in
the context of organ rotation during development. This role of UVRAG is coupled to endocytic
degradation of Notch and, in this context, not to autophagy [29]. Autophagosome formation
requires the ubiquitin-like proteins Atg12 and Atg8 and their respective ubiquitin-like
conjugation systems [30]. Atg8 is processed by the cysteine protease Atg4 and covalently linked
to phosphatidylethanolamine (PE) through the action of the E1 activating enzyme Atg7, the
E2 activating enzyme Atg3 and the E3 like Atg12-Atg5-Atg16 complex, which is found at the
phagophore membrane. The E3 like Atg12-Atg5-Atg16 complex itself requires also Atg7 and
the E2 activating enzyme Atg10 for its assembly (reviewed in [31]). Once Atg8 is activated and
lipid-conjugated it is localized to both sides of the phagophore and Atg4 later only removes
the portion residing at the cytosolic side prior to autophagosome-lysosome/endosome fusion.
It has also been reported that Atg8 can modulate the size of autophagosomes by influencing
membrane curvature. For all these reasons, activation of Atg8/LC3 is widely used to monitor
autophagy [15, 32]. The process from autophagy initiation until autolysosome formation is
schematically illustrated in figure 1.

It is believed that stepwise fusion of autophagosomes with different endosomal populations
account for maturation and culminates in the fusion with lysosomes, the organelle responsi‐
ble for degradation [33]. Such stepwise fusion is supported by the findings that impairment
of ESCRT machinery results in reduced autolysosome formation, measured as decrease in
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the context of organ rotation during development. This role of UVRAG is coupled to endocytic
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conjugation systems [30]. Atg8 is processed by the cysteine protease Atg4 and covalently linked
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E2 activating enzyme Atg3 and the E3 like Atg12-Atg5-Atg16 complex, which is found at the
phagophore membrane. The E3 like Atg12-Atg5-Atg16 complex itself requires also Atg7 and
the E2 activating enzyme Atg10 for its assembly (reviewed in [31]). Once Atg8 is activated and
lipid-conjugated it is localized to both sides of the phagophore and Atg4 later only removes
the portion residing at the cytosolic side prior to autophagosome-lysosome/endosome fusion.
It has also been reported that Atg8 can modulate the size of autophagosomes by influencing
membrane curvature. For all these reasons, activation of Atg8/LC3 is widely used to monitor
autophagy [15, 32]. The process from autophagy initiation until autolysosome formation is
schematically illustrated in figure 1.

It is believed that stepwise fusion of autophagosomes with different endosomal populations
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lysotracker staining and accumulation of Atg8 positive punctate respectively [34, 35]. Simi‐
lar accumulation of autophagosomes can be seen in flies with mutant Drosophila deep or‐
ange (dor) and dvps16A [36, 37]. Both proteins are known to play important roles in
endocytic trafficking.

Figure 1. Schematic illustration of macroautophagy. Upon autophagy initiation the PI3K complex generates PI3P,
which is then provided at high local concentrations at the initial step of phagophore membrane formation. The ubiq‐
uitin like proteins Atg12 and Atg8 with their respective conjugation system are recruited and activated once the phag‐
ophore is formed. Membrane expansion leads to phagophore maturation, which is finalized by vesicle closure and
thereby autophagosome formation. This vesicle can fuse with different endocytic compartments or directly with lyso‐
somes, forming autolysosomes. There, phagophore-sequestered cytosolic cargo is degraded and macromolecules can
be recycled back to the cytosol. For further details see section 2 and references therein.

3. Role of autophagy in development, homeostasis and ageing

In general, the role of autophagy is predominantly described as cytoprotective. Intensive
research over the last decade has increased our understanding of multiple cellular events that
involve autophagy, e.g. dealing with low nutrient levels, development and morphogenesis,
response to oxidative stress, turnover of protein aggregates and damaged organelles, immune
response and lately also cell signaling (figure 2). Altogether the picture has emerged that the
role and regulation of autophagy is extremely dependent on the cellular context [20, 38, 39].
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With this review we therefore want to highlight what is known from research conducted in
Drosophila, a model organism, which allows for elegant genetic manipulations of the cellular
setup in a multi cellular organism.

Figure 2. Autophagy can be initiated by multiple ways. Autophagy is involved in a variety of different cellular
events (e.g. development, survival under conditions of low nutrient levels, oxidative stress response, immune response,
and cell signaling), which requires several ways to initiate the core autophagy machinery (dashed lines: the exact path‐
way is still uncertain, however autophagy is shown to be upregulated as downstream effect). For further details see
section 3 and references therein.

In Drosophila, autophagy plays a pivotal role during development and is crucial for a wide
range of developmental processes. Cell growth depends on nutrients provided by autophagy
as seen in the fat body. On the other hand autophagy has been reported to be necessary for
targeted cell death and removal of tissue, e.g. during oogenesis and development of gut
salivary glands.

More than ten years ago, both the class I phosphatidylinositol 3-kinase (PI3K) and the serine/
threonine kinase Target of Rapamycin (TOR) have been shown to control a signaling network
that is important for development (reviewed in [40]). The growth of cells and tissues does
require energy and building blocks. Hormones, such as insulin have been identified as
important signals in order to meet these requirements by e.g. upregulation of protein synthesis.
Already in 2003, Tom Neufeld speculated about the role of catabolic processes, such as
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autophagy, to be important in development. This idea was supported by previous findings
that established a connection between reduced basal autophagic protein turnover and cellular
growth as well as that Apg6p, the yeast homologue of the tumor suppressor gene Beclin 1, is
required for autophagy in yeast (reviewed in [40]). Furthermore, it was already shown that
insulin, as well as class I PI3Ks can, besides their effect on protein synthesis, inhibit autophagic
protein turnover, providing a plausible molecular link between autophagy and cell growth
[41, 42]. Therewith the stage was set for two important findings published in 2004, revealing
the regulation of programmed autophagy in the fat body and the importance for functional
autophagy in cell growth [43, 44]. The levels of the hormone 20-hydroxyecdysone (ecdysone)
rise during the development of Drosophila, leading to inactivation of the class I PI3K and
subsequent autophagy activation [43]. This initiation of autophagy is necessary in order to
supply the developing Drosophila larva/pupa with nutrients and to maintain survival and
growth. The protective role of autophagy in this context is dominant over its otherwise known
role in growth suppression [44, 45]. Noteworthy, dor (Deep orange), the Drosophila homolog
to Vps18, can influence autophagy in the fat body in two separate ways. Dor is necessary for
secretion of ecdysone from the salivary glands, thereby influencing the levels of this hormone.
However, dor is also important in the fusion of autophagosomes with lysosomes, thereby
directly controlling autophagy [36]. Autophagy in the fat body is dependent on the PI3K Vps34
[34]. Vps34 was initially identified to be involved in vacuolar protein sorting (Vps) in yeast
[46]. Flies lacking Vps34 or its regulatory subunit, the protein kinase Vps15 (also referred to
as p150), are hampered in their ability to initiate autophagy upon starvation in the fat body
and die during development [34, 47]. Interestingly, the absence of Atg7 does not lead to
lethality in the developing fly. Atg7 deficient flies have severe defects in autophagy but
nevertheless are viable. However, such flies are short lived, show signs of accelerated ageing
in the form of ubiquitin-positive aggregates in degenerating neurons and have very low
resistance to nutrient deprivation and oxidative stress. This underscores the necessity of
functional autophagy for cellular homeostasis and stress survival in the adult fly [48].

A very different aspect of autophagy during development has been revealed in the context of
programmed cell death. Autophagy is upregulated during the reorganisation of the salivary
gland and gut [49, 50]. Inhibition of autophagy in salivary glands by activating the class I PI3K
pathway reduces salivary gland cell degradation. In contrast, induction of autophagy in
salivary gland cells results in premature cell death and it was shown that this cell death is
dependent on both caspases and autophagy [49]. Similar events can be seen in the midgut.
Even though caspases are highly expressed, the canonical apoptotis pathway is not required
for midgut removal. Inhibition of autophagy on the other hand, impairs midgut degradation
and simultaneously decreases caspase activity [50]. Additional ways how cell death and
autophagy are connected are pointed out by the findings that autophagy can selectively
degrade survival factors and thereby initiate cell death. During late oogenesis, autophagy is
necessary to degrade the apoptosis inhibitor dBruce in nurse cells. Nurse cells lack the, under
normal conditions typical, fragmentation of DNA and caspase-3 activity in the absence of
autophagy [51]. A similar principle for cell death control is suggested by the finding that the
valosin-containing protein (vcp), a ubiquitin-selective AAA chaperone, is required for
degradation of the apoptosis inhibitor DIAP1 during regulated degeneration of dendrites of

Autophagy - A Double-Edged Sword - Cell Survival or Death?492

class IV dendritic arborisation neurons [52]. It was already shown before that vcp is necessary
for autophagy [53]. Altogether, this implies a role for autophagy in activating apoptosis by
selective degradation of apoptosis inhibitors. It will be interesting to see if such a mechanism
is limited to the programmed reorganization events during development or if this is a strategy
employed even in other cellular contexts. If this is a general mechanism to initiate cell death,
autophagic degradation of apoptosis inhibitors might become an interesting strategy for
developing drugs aimed for cancer treatment.

The role of autophagy in Drosophila is not limited to development but instead autophagy is
also important for various aspects during lifetime of eclosed flies. Any organism needs to be
able to cope with oxidative stress, which itself is tightly linked to ageing [5]. In Drosophila, Jun
N-terminal kinase (JNK) can protect the gut from oxidative toxicity due to feeding on paraquat,
a well-established oxidative stress inducer. In addition, genetic upregulation of the JNK
pathway extends lifespan of flies in a Foxo dependent manner [54, 55]. This cell protective
effect of JNK is mediated by the transcriptional activation of autophagy. JNK cannot protect
flies from oxidative toxicity when Atg1 or Atg6 activity is reduced [56].

A different putative way for autophagy to protect cells from oxidative stress is given by its
involvement in the selective degradation of damaged mitochondria, termed mitophagy. So
far, mitophagy has not been directly shown to occur in Drosophila, nevertheless several findings
indicate that mitophagy also happens in flies. Studies in Drosophila have suggested that the E3
ubiquitin ligase Parkin normally facilitates mitochondrial fission and/or inhibits fusion [57].
In addition the PTEN-induced putative kinase protein 1 (PINK1) has been shown to genetically
interact with Parkin in flies, and results from experiments in Drosophila S2 cells revealed that
PINK1 is required for the recruitment of Parkin to damaged mitochondria leading to their
degradation [58]. Interestingly, the finding that the level of the protrusion factor mitofusin
(mfn) increased in the absence of PINK1 or Parkin, suggests that mfn might be ubiquitinated
by Parkin, which can serve as putative label and targeting signal for degradation of damaged
mitochondria [58]. In yeast and mammals it has been shown that ubiquitination of mitochon‐
drial proteins by Parkin results in autophagic degradation of mitochondria (reviewed in [23]).
This role of Parkin in the removal of damaged mitochondria might also explain the muscle
degeneration, mitochondrial pathology and reduced lifespan in parkin mutant flies [59]. Lately,
it has been reported that mitochondrial protein misfolding in Drosophila leads to degradation
of mitochondria and that accumulation of an unfolded protein in the mitochondria pheno‐
copies flies with mutations in PINK1 and Parkin. The requirement of Ref(2)P (refractory to
Sigma P, the Drosophila homolog of p62) for this mitochondrial turnover resembles mitophagy
as described in mammalian systems [60]. However, it remains to be proven that the turnover
of damaged mitochondria in flies really is conducted by autophagy, hence that mitophagy also
occurs in Drosophila.

Without doubt autophagy is crucial for cellular homeostasis and it is therefore of no surprise
that autophagy is also induced upon viral or bacterial infections as both lead to changes in the
intracellular environment. Flies with impaired autophagy are hampered in their immune
defence. Even though this role of autophagy is much more studied in mammalian system,
there are 4 different reports that highlight an involvement of autophagy in the Drosophila
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gland and gut [49, 50]. Inhibition of autophagy in salivary glands by activating the class I PI3K
pathway reduces salivary gland cell degradation. In contrast, induction of autophagy in
salivary gland cells results in premature cell death and it was shown that this cell death is
dependent on both caspases and autophagy [49]. Similar events can be seen in the midgut.
Even though caspases are highly expressed, the canonical apoptotis pathway is not required
for midgut removal. Inhibition of autophagy on the other hand, impairs midgut degradation
and simultaneously decreases caspase activity [50]. Additional ways how cell death and
autophagy are connected are pointed out by the findings that autophagy can selectively
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necessary to degrade the apoptosis inhibitor dBruce in nurse cells. Nurse cells lack the, under
normal conditions typical, fragmentation of DNA and caspase-3 activity in the absence of
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class IV dendritic arborisation neurons [52]. It was already shown before that vcp is necessary
for autophagy [53]. Altogether, this implies a role for autophagy in activating apoptosis by
selective degradation of apoptosis inhibitors. It will be interesting to see if such a mechanism
is limited to the programmed reorganization events during development or if this is a strategy
employed even in other cellular contexts. If this is a general mechanism to initiate cell death,
autophagic degradation of apoptosis inhibitors might become an interesting strategy for
developing drugs aimed for cancer treatment.

The role of autophagy in Drosophila is not limited to development but instead autophagy is
also important for various aspects during lifetime of eclosed flies. Any organism needs to be
able to cope with oxidative stress, which itself is tightly linked to ageing [5]. In Drosophila, Jun
N-terminal kinase (JNK) can protect the gut from oxidative toxicity due to feeding on paraquat,
a well-established oxidative stress inducer. In addition, genetic upregulation of the JNK
pathway extends lifespan of flies in a Foxo dependent manner [54, 55]. This cell protective
effect of JNK is mediated by the transcriptional activation of autophagy. JNK cannot protect
flies from oxidative toxicity when Atg1 or Atg6 activity is reduced [56].

A different putative way for autophagy to protect cells from oxidative stress is given by its
involvement in the selective degradation of damaged mitochondria, termed mitophagy. So
far, mitophagy has not been directly shown to occur in Drosophila, nevertheless several findings
indicate that mitophagy also happens in flies. Studies in Drosophila have suggested that the E3
ubiquitin ligase Parkin normally facilitates mitochondrial fission and/or inhibits fusion [57].
In addition the PTEN-induced putative kinase protein 1 (PINK1) has been shown to genetically
interact with Parkin in flies, and results from experiments in Drosophila S2 cells revealed that
PINK1 is required for the recruitment of Parkin to damaged mitochondria leading to their
degradation [58]. Interestingly, the finding that the level of the protrusion factor mitofusin
(mfn) increased in the absence of PINK1 or Parkin, suggests that mfn might be ubiquitinated
by Parkin, which can serve as putative label and targeting signal for degradation of damaged
mitochondria [58]. In yeast and mammals it has been shown that ubiquitination of mitochon‐
drial proteins by Parkin results in autophagic degradation of mitochondria (reviewed in [23]).
This role of Parkin in the removal of damaged mitochondria might also explain the muscle
degeneration, mitochondrial pathology and reduced lifespan in parkin mutant flies [59]. Lately,
it has been reported that mitochondrial protein misfolding in Drosophila leads to degradation
of mitochondria and that accumulation of an unfolded protein in the mitochondria pheno‐
copies flies with mutations in PINK1 and Parkin. The requirement of Ref(2)P (refractory to
Sigma P, the Drosophila homolog of p62) for this mitochondrial turnover resembles mitophagy
as described in mammalian systems [60]. However, it remains to be proven that the turnover
of damaged mitochondria in flies really is conducted by autophagy, hence that mitophagy also
occurs in Drosophila.

Without doubt autophagy is crucial for cellular homeostasis and it is therefore of no surprise
that autophagy is also induced upon viral or bacterial infections as both lead to changes in the
intracellular environment. Flies with impaired autophagy are hampered in their immune
defence. Even though this role of autophagy is much more studied in mammalian system,
there are 4 different reports that highlight an involvement of autophagy in the Drosophila
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immune response. When autophagy was impaired by the expression of RNAi against Atg5,
Atg7, or Atg12, Drosophila displays a decreased resistance to injected Escherichia coli, which
manifests in higher titers of E. coli and reduced survival rates. Interestingly, knockdown of any
of these three Atg genes did not shorten lifespan of uninjected flies [61]. The latter finding is
not in line with findings from Atg7 deficient flies, which show a significant shortening of life
span [48]. Even though the conditional knockdown of Atg7 did lead to a decrease in lysotracker
staining, a sign for reduced autophagy, it cannot be excluded that some remaining Atg7 activity
is enough in order to allow for basal autophagy and thereby not altering lifespan. It can be
expected that such basal autophagy is more severely affected in flies completely missing the
gene for Atg7. On the other hand there is also the possibility that Atg7-/- flies already accumu‐
late cell damage during development that might allow them to hatch normally but still will
give them a severe survival disadvantage right from the start.

Autophagy does not only protect against bacterial but also against viral infection as shown in
the case of the mammalian viral pathogen vesicular stomatitis virus (VSV) [62]. Autophagy
protects flies against VSV by decreasing viral replication. Repression of autophagy has the
contrary effect, increased viral replication and pathogenesis. The authors of this study were
able to pinpoint the PI3K/Akt pathway to be responsible for autophagy regulation upon VSV
infection [62]. Flies infected with Mycobacterium marinum are dependent on autophagy in order
for mycobacteria drug treatment to be successful. Drosophila lacking the gene for Atg7 had a
reduced survival rate upon Mycobacterium marinum infection and this phenotype could not be
rescued with the help of antimycobacterial treatment [63].

An additional involvement of autophagy in immunity was found in the cortical remodelling
of hemocytes (Drosophila blood cells). Integrin-mediated hemocyte spreading and Rho1-
induced cell protrusions require continuous autophagy. As a consequence, flies with impaired
autophagy in their hemocytes show severe defects in recruiting hemocytes to epidermal
wounds. Furthermore, this study identified Ref(2)P to be crucial for functional autophagy,
which suggests selective autophagy (see below) to be involved in this process [64]. The
requirement for selective autophagic turnover of single proteins to maintain cellular homeo‐
stasis has been implicated in several different cellular contexts. E.g. activated rhodopsin is
degraded via the endosomal pathway and mutations in rhodopsin leading to hampered
endocytic turnover results in retinal degeneration [65]. Autophagy has also been connected to
the turnover of activated rhodopsin and mutations in Atg7 or Atg8, or genes necessary for
proper autophagosome formation, result in light-dependent retinal degeneration [66].

Another example for the necessity of functional selective autophagic degradation of proteins
for proper homeostasis is given in muscle tissue maintenance. There, chaperone-assisted
selective autophagy is necessary to remove contraction-induced damaged filamin from Z-discs
in order to prevent Z disk disintegration and progressive muscle weakness in flies [67].

Autophagy also serves several functions in neuron plasticity and homeostasis. An interesting
finding was that synapse development is controlled by autophagy via the E3 ubiquitin ligase
highwire. Highwire inhibits neuromuscular junction growth and is itself a substrate for
selective autophagic turnover, indicating that autophagy activity might lead to synaptic
overgrowth [68]. Tian et al. identified Rae1 to bind to highwire and thereby protecting highwire
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from autophagic degradation [69]. The link between autophagy and synaptic growth at the
neuromuscular junction is further strengthened by the observation that ROS can act as
signaling molecules and mediate synaptic growth. At the same time, high ROS levels activate
the JNK pathway, a previously reported activator of autophagy. As impairment of autophagy
results in decreased synaptic size in a Drosophila model, whereas activation of autophagy has
the opposite effect, one can speculate that ROS mediated synaptic growth is mediated by
activation of JNK and subsequent autophagy (reviewed in [70]).

Off course, autophagy also plays a major role in simply keeping the cells “clean” by enabling
the cells to turn over the cytosol. This recycling effect is especially pronounced in post-mitotic
cells. Flies that are mutant for Atg8a are severely hampered in their efficiency to eliminate
cellular material, which can be observed as an increase in ubiquitinated proteins and the
increased presence of electron dense protein aggregates in young fly brains when investigated
with transmission electron microscopy. Moreover, such Atg8a mutant flies display a drastic
decrease of lifespan [71]. In addition, a very recent report by Fouillet et al., reveals an autoph‐
agy-mediated decrease of apoptosis in neurons upon mild ER-stress and further underscore a
cytoprotective role of autophagy, that potentially can prolong survival of the whole organism
[72]. Taken together, these data outline the versatile role of autophagy in homeostasis and
normal survival of flies.

4. Autophagy and neurodegeneration

Ageing is a major risk factor for the development of neurodegenerative diseases and over the
last decade autophagy has been implicated in many neurodegenerative diseases, such as
Huntington’s disease (HD), Parkinson’s disease (PD), amyotrophic lateral sclerosis (ALS), or
Alzheimer’s disease (AD). Many neurodegenerative diseases share the common phenotype of
accumulations of protein aggregates [73]. Before reviewing the role of autophagy in Drosophi‐
la models for neurodegeneration we first want to give a short overview of key findings on the
link between autophagy and neurodegeneration as known from mammalian systems and
patient data.

Both, HD and PD are connected to elevated autophagy. In case of HD, autophagy can only be
triggered by a mutant form of huntingtin that is prone to aggregate but not by wildtype
huntingtin. Cytosolic aggregates of α-synuclein, the protein involved in PD, can be degraded
by macroautophagy and CMA [74-77]. In ALS loss of motor neurons deprives patients of
voluntary controlled muscle movements. The disease is associated with ubiquitinated, p62
positive protein inclusions of TDP-43 (TAR DNA binding protein 43) or SOD1 (superoxide
dismutase 1) or rare mutations in a subunit of the ESCRT complex [78, 79]. A defective ESCRT
complex in its turn has been shown to result in autophagosome accumulation [80], but also
point mutations of the p150 subunit of dynactin resulting in defects in the transport machinery
along microtubules have been implicated in ALS. Transport along microtubules is necessary
for autophagosome-lysosome fusion and therefore crucial for functional autophagy [81, 82].
Extensive alterations in macroautophagy can also be found in patients with AD. An immuno-
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immune response. When autophagy was impaired by the expression of RNAi against Atg5,
Atg7, or Atg12, Drosophila displays a decreased resistance to injected Escherichia coli, which
manifests in higher titers of E. coli and reduced survival rates. Interestingly, knockdown of any
of these three Atg genes did not shorten lifespan of uninjected flies [61]. The latter finding is
not in line with findings from Atg7 deficient flies, which show a significant shortening of life
span [48]. Even though the conditional knockdown of Atg7 did lead to a decrease in lysotracker
staining, a sign for reduced autophagy, it cannot be excluded that some remaining Atg7 activity
is enough in order to allow for basal autophagy and thereby not altering lifespan. It can be
expected that such basal autophagy is more severely affected in flies completely missing the
gene for Atg7. On the other hand there is also the possibility that Atg7-/- flies already accumu‐
late cell damage during development that might allow them to hatch normally but still will
give them a severe survival disadvantage right from the start.

Autophagy does not only protect against bacterial but also against viral infection as shown in
the case of the mammalian viral pathogen vesicular stomatitis virus (VSV) [62]. Autophagy
protects flies against VSV by decreasing viral replication. Repression of autophagy has the
contrary effect, increased viral replication and pathogenesis. The authors of this study were
able to pinpoint the PI3K/Akt pathway to be responsible for autophagy regulation upon VSV
infection [62]. Flies infected with Mycobacterium marinum are dependent on autophagy in order
for mycobacteria drug treatment to be successful. Drosophila lacking the gene for Atg7 had a
reduced survival rate upon Mycobacterium marinum infection and this phenotype could not be
rescued with the help of antimycobacterial treatment [63].

An additional involvement of autophagy in immunity was found in the cortical remodelling
of hemocytes (Drosophila blood cells). Integrin-mediated hemocyte spreading and Rho1-
induced cell protrusions require continuous autophagy. As a consequence, flies with impaired
autophagy in their hemocytes show severe defects in recruiting hemocytes to epidermal
wounds. Furthermore, this study identified Ref(2)P to be crucial for functional autophagy,
which suggests selective autophagy (see below) to be involved in this process [64]. The
requirement for selective autophagic turnover of single proteins to maintain cellular homeo‐
stasis has been implicated in several different cellular contexts. E.g. activated rhodopsin is
degraded via the endosomal pathway and mutations in rhodopsin leading to hampered
endocytic turnover results in retinal degeneration [65]. Autophagy has also been connected to
the turnover of activated rhodopsin and mutations in Atg7 or Atg8, or genes necessary for
proper autophagosome formation, result in light-dependent retinal degeneration [66].

Another example for the necessity of functional selective autophagic degradation of proteins
for proper homeostasis is given in muscle tissue maintenance. There, chaperone-assisted
selective autophagy is necessary to remove contraction-induced damaged filamin from Z-discs
in order to prevent Z disk disintegration and progressive muscle weakness in flies [67].

Autophagy also serves several functions in neuron plasticity and homeostasis. An interesting
finding was that synapse development is controlled by autophagy via the E3 ubiquitin ligase
highwire. Highwire inhibits neuromuscular junction growth and is itself a substrate for
selective autophagic turnover, indicating that autophagy activity might lead to synaptic
overgrowth [68]. Tian et al. identified Rae1 to bind to highwire and thereby protecting highwire
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from autophagic degradation [69]. The link between autophagy and synaptic growth at the
neuromuscular junction is further strengthened by the observation that ROS can act as
signaling molecules and mediate synaptic growth. At the same time, high ROS levels activate
the JNK pathway, a previously reported activator of autophagy. As impairment of autophagy
results in decreased synaptic size in a Drosophila model, whereas activation of autophagy has
the opposite effect, one can speculate that ROS mediated synaptic growth is mediated by
activation of JNK and subsequent autophagy (reviewed in [70]).

Off course, autophagy also plays a major role in simply keeping the cells “clean” by enabling
the cells to turn over the cytosol. This recycling effect is especially pronounced in post-mitotic
cells. Flies that are mutant for Atg8a are severely hampered in their efficiency to eliminate
cellular material, which can be observed as an increase in ubiquitinated proteins and the
increased presence of electron dense protein aggregates in young fly brains when investigated
with transmission electron microscopy. Moreover, such Atg8a mutant flies display a drastic
decrease of lifespan [71]. In addition, a very recent report by Fouillet et al., reveals an autoph‐
agy-mediated decrease of apoptosis in neurons upon mild ER-stress and further underscore a
cytoprotective role of autophagy, that potentially can prolong survival of the whole organism
[72]. Taken together, these data outline the versatile role of autophagy in homeostasis and
normal survival of flies.

4. Autophagy and neurodegeneration

Ageing is a major risk factor for the development of neurodegenerative diseases and over the
last decade autophagy has been implicated in many neurodegenerative diseases, such as
Huntington’s disease (HD), Parkinson’s disease (PD), amyotrophic lateral sclerosis (ALS), or
Alzheimer’s disease (AD). Many neurodegenerative diseases share the common phenotype of
accumulations of protein aggregates [73]. Before reviewing the role of autophagy in Drosophi‐
la models for neurodegeneration we first want to give a short overview of key findings on the
link between autophagy and neurodegeneration as known from mammalian systems and
patient data.

Both, HD and PD are connected to elevated autophagy. In case of HD, autophagy can only be
triggered by a mutant form of huntingtin that is prone to aggregate but not by wildtype
huntingtin. Cytosolic aggregates of α-synuclein, the protein involved in PD, can be degraded
by macroautophagy and CMA [74-77]. In ALS loss of motor neurons deprives patients of
voluntary controlled muscle movements. The disease is associated with ubiquitinated, p62
positive protein inclusions of TDP-43 (TAR DNA binding protein 43) or SOD1 (superoxide
dismutase 1) or rare mutations in a subunit of the ESCRT complex [78, 79]. A defective ESCRT
complex in its turn has been shown to result in autophagosome accumulation [80], but also
point mutations of the p150 subunit of dynactin resulting in defects in the transport machinery
along microtubules have been implicated in ALS. Transport along microtubules is necessary
for autophagosome-lysosome fusion and therefore crucial for functional autophagy [81, 82].
Extensive alterations in macroautophagy can also be found in patients with AD. An immuno-
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electron microscopy study on neocortical biopsies from AD patients identified autophago‐
somes, multivesicular bodies, multilamellar bodies, and cathepsin-containing
autophagolysosomes as the predominant organelles that occupied most of the cytosol of
dystrophic neurites. Autophagy was detected in cell bodies with neurofibrillary pathology
and associated with a relative depletion of mitochondria and other organelles. The authors of
this study speculated that the accumulation of immature autophagic vacuoles results from
impaired transport to and fusion with lysosomes thereby hampering the protective effects of
autophagy [83]. Disruption of lysosomal proteolysis in primary mouse cortical neurons by
inhibiting cathepsins, or by supressing lysosomal acidification, impairs transport of autolyso‐
somes, endosomes and lysosomes, and leads to accumulation of these structures within
dystrophic axonal swellings. Such a phenotype can also be seen in numerous mouse models
of AD. The phenotype is not caused by general disruption of the axonal transport machinery,
as mitochondria and cathepsin-lacking organelles were not influenced in their movements.
Axonal dystrophy is reversed once lysosomal function is restored [84].

In the past, several independent groups have established Drosophila models for neurodege‐
nerative diseases and/or investigated the role of aggregating proteins implied in neurodege‐
nerative diseases in flies. Remarkably, already in 1982 Stark and Carlson characterized the
degenerative phenotypes evoked by a mutant form of the rdgB (retinal-degeneration-B)
protein in the fly compound eye and found amongst others lysosome-like bodies and vacuoles
suggesting involvement of autophagy [85]. The compound eye of flies displays a highly
structured order and degenerative properties of protein aggregates can easily be monitored
as impairments of this structure. Expression of mutant huntingtin containing a polyQ-
expansion of 120 glutamine leads to degeneration of the eye. However, treatment with
rapamycin, an activator of autophagy, reduces this phenotype [86]. Treatment with new small-
molecule enhancers (SMER) of the cytosolic effects of rapamycin, which were shown to induce
autophagy in mammalian cells, also protected flies from polyQ huntingtin induced neurode‐
generation [87]. Instead of treating flies with rapamycin in order to inhibit TOR by pharma‐
cological means, Wang et al. highlighted the importance of TOR in neurodegeneration by
genetical manipulations. Hyperactivation of TOR, achieved by expression of the TOR kinase
activator Ras homologue enriched in brain protein (Rheb) or introduction of mutations in the
TOR inhibitor dTsc1 increased age- and light-dependent photoreceptor loss [88]. The authors
of this study were able to exclude TORs effects on growth to be responsible for this photore‐
ceptor degeneration but instead pointed out autophagy as the downstream signaling of TOR
mediating photoreceptor cell death. Activation of autophagy by overexpressing Atg1 protect‐
ed not only cells from age- and light dependent photoreceptor degeneration, but also photo‐
receptor cells which either produced 120 polyQ-huntingtin or lacked a functional Drosophila
phospholipase C gene norpA respectively. Both latter manipulations are commonly used to
model neurodegeneration [88]

Macroautophagy in flies can also be upregulated by Rab5 over-expression and this approach
also mitigates polyQ-huntingtin mediated degeneration in the eye [89]. However, there is a
fine line between beneficial and detrimental consequences of autophagy activation in the
context of neurodegeneration as shown in a dentatorubralpallidoluysian atrophy (DRPLA) fly
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model [90]. This model is built upon the expression of atrophin with a polyQ expansion and
is characterized by lysosomal dysfunction and blocked autophagosome-lysosome fusion,
hence reduced autophagic flux [90]. Even though introduction of a mutant form of Atg1
intensified the neurodegenerative phenotype, upregulation of autophagy in this system had
no rescuing effect but, in some case, even had the opposite outcome and increased neurode‐
generation [90]. In other words, autophagy plays an important role in scavenging polyQ
atrophin from the cytosol, but is only of beneficial nature as long as autophagy can proceed
all the way to lysosomal degradation. Reaching a rate-limiting step in the autophagy cycle can
have negative effects on the outcome of autophagy initiation. Work from the same lab also
identified a mechanism how polyQ atrophin itself impairs autophagic flux. PolyQ-atrophin
inhibits the tumor suppressor fat, which under normal conditions protects from neurodegen‐
eration through the Hippo kinase cascade and subsequent increases autophagy [91]. How
Hippo exactly activates autophagy is not completely understood yet [92]. Data obtained from
studies in the salivary gland suggests that the phosphorylation of Warts (wts), a substrate of
the Hippo kinase, acts upstream of TOR and thereby regulates autophagy [93]. It also has been
reported that the Hippo pathway can directly interact with LC3 (the mammalian homolog of
Atg8) and thereby initiate autophagy [92].

An additional, interesting link between polyQ sequence derived neurodegeneration and
macroautophagy is given by puromycin-sensitive aminopeptidase (PSA). PSA is the only
cytosolic enzyme capable of digesting polyQ sequences and it is therefore not surprising that
there is inverse correlation between PSA expression and severity of neurodegeneration, e.g.
over-expression of PSA has protective effects in cells expressing polyQ expanded ataxin-3,
mutant α-synuclein and mutant superoxide dismutase (SOD) [94]. It comes as a surprise
though that this beneficial role of PSA is mediated by its activation of macroautophagy rather
than its role in degrading polyQ aggregates and thereby making them available for proteaso‐
mal degradation, although the putative involvement of the proteasome in cell protection in
this process remains to be further understood [94].

A different way to induce neurodegeneration is to inhibit proteasomal function. Interestingly,
proteasome impairment can be compensated for by autophagy, a rescue that depends on the
histone deacetylase 6 (HDAC6) [95]. A protective role of autophagy in context of neurode‐
generation was also demonstrated in a genetic screen conducted in Drosophila with pathogenic
Ataxin-3-induced neurodegeneration. Knockdown of Atg5 in these flies reverts the polyQ
containing Ataxin-3 mediated toxicity. Testing the effects of identified neurodegeneration-
suppressors on autophagy revealed that these factors had different impact on autophagy. The
authors of this study proposed a model in which some neurodegeneration-suppressors induce
autophagy, thereby contributing to protein clearance whereas others mitigate autophagy in
order to counteract autophagic cell death [96]. The role of autophagy in removal of protein
aggregates in neurodegenerative diseases was further confirmed by the finding that depletion
of subunits of the ESCRT complex in flies intensifies the toxic effects exerted by polyQ-
expanded huntingtin [97]. Depletion of ESCRT subunits has autophagy inhibition as conse‐
quence, which manifests in accumulation of protein aggregates containing ubiquitinated
proteins, p62 and Alfy [98].
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electron microscopy study on neocortical biopsies from AD patients identified autophago‐
somes, multivesicular bodies, multilamellar bodies, and cathepsin-containing
autophagolysosomes as the predominant organelles that occupied most of the cytosol of
dystrophic neurites. Autophagy was detected in cell bodies with neurofibrillary pathology
and associated with a relative depletion of mitochondria and other organelles. The authors of
this study speculated that the accumulation of immature autophagic vacuoles results from
impaired transport to and fusion with lysosomes thereby hampering the protective effects of
autophagy [83]. Disruption of lysosomal proteolysis in primary mouse cortical neurons by
inhibiting cathepsins, or by supressing lysosomal acidification, impairs transport of autolyso‐
somes, endosomes and lysosomes, and leads to accumulation of these structures within
dystrophic axonal swellings. Such a phenotype can also be seen in numerous mouse models
of AD. The phenotype is not caused by general disruption of the axonal transport machinery,
as mitochondria and cathepsin-lacking organelles were not influenced in their movements.
Axonal dystrophy is reversed once lysosomal function is restored [84].

In the past, several independent groups have established Drosophila models for neurodege‐
nerative diseases and/or investigated the role of aggregating proteins implied in neurodege‐
nerative diseases in flies. Remarkably, already in 1982 Stark and Carlson characterized the
degenerative phenotypes evoked by a mutant form of the rdgB (retinal-degeneration-B)
protein in the fly compound eye and found amongst others lysosome-like bodies and vacuoles
suggesting involvement of autophagy [85]. The compound eye of flies displays a highly
structured order and degenerative properties of protein aggregates can easily be monitored
as impairments of this structure. Expression of mutant huntingtin containing a polyQ-
expansion of 120 glutamine leads to degeneration of the eye. However, treatment with
rapamycin, an activator of autophagy, reduces this phenotype [86]. Treatment with new small-
molecule enhancers (SMER) of the cytosolic effects of rapamycin, which were shown to induce
autophagy in mammalian cells, also protected flies from polyQ huntingtin induced neurode‐
generation [87]. Instead of treating flies with rapamycin in order to inhibit TOR by pharma‐
cological means, Wang et al. highlighted the importance of TOR in neurodegeneration by
genetical manipulations. Hyperactivation of TOR, achieved by expression of the TOR kinase
activator Ras homologue enriched in brain protein (Rheb) or introduction of mutations in the
TOR inhibitor dTsc1 increased age- and light-dependent photoreceptor loss [88]. The authors
of this study were able to exclude TORs effects on growth to be responsible for this photore‐
ceptor degeneration but instead pointed out autophagy as the downstream signaling of TOR
mediating photoreceptor cell death. Activation of autophagy by overexpressing Atg1 protect‐
ed not only cells from age- and light dependent photoreceptor degeneration, but also photo‐
receptor cells which either produced 120 polyQ-huntingtin or lacked a functional Drosophila
phospholipase C gene norpA respectively. Both latter manipulations are commonly used to
model neurodegeneration [88]

Macroautophagy in flies can also be upregulated by Rab5 over-expression and this approach
also mitigates polyQ-huntingtin mediated degeneration in the eye [89]. However, there is a
fine line between beneficial and detrimental consequences of autophagy activation in the
context of neurodegeneration as shown in a dentatorubralpallidoluysian atrophy (DRPLA) fly
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model [90]. This model is built upon the expression of atrophin with a polyQ expansion and
is characterized by lysosomal dysfunction and blocked autophagosome-lysosome fusion,
hence reduced autophagic flux [90]. Even though introduction of a mutant form of Atg1
intensified the neurodegenerative phenotype, upregulation of autophagy in this system had
no rescuing effect but, in some case, even had the opposite outcome and increased neurode‐
generation [90]. In other words, autophagy plays an important role in scavenging polyQ
atrophin from the cytosol, but is only of beneficial nature as long as autophagy can proceed
all the way to lysosomal degradation. Reaching a rate-limiting step in the autophagy cycle can
have negative effects on the outcome of autophagy initiation. Work from the same lab also
identified a mechanism how polyQ atrophin itself impairs autophagic flux. PolyQ-atrophin
inhibits the tumor suppressor fat, which under normal conditions protects from neurodegen‐
eration through the Hippo kinase cascade and subsequent increases autophagy [91]. How
Hippo exactly activates autophagy is not completely understood yet [92]. Data obtained from
studies in the salivary gland suggests that the phosphorylation of Warts (wts), a substrate of
the Hippo kinase, acts upstream of TOR and thereby regulates autophagy [93]. It also has been
reported that the Hippo pathway can directly interact with LC3 (the mammalian homolog of
Atg8) and thereby initiate autophagy [92].

An additional, interesting link between polyQ sequence derived neurodegeneration and
macroautophagy is given by puromycin-sensitive aminopeptidase (PSA). PSA is the only
cytosolic enzyme capable of digesting polyQ sequences and it is therefore not surprising that
there is inverse correlation between PSA expression and severity of neurodegeneration, e.g.
over-expression of PSA has protective effects in cells expressing polyQ expanded ataxin-3,
mutant α-synuclein and mutant superoxide dismutase (SOD) [94]. It comes as a surprise
though that this beneficial role of PSA is mediated by its activation of macroautophagy rather
than its role in degrading polyQ aggregates and thereby making them available for proteaso‐
mal degradation, although the putative involvement of the proteasome in cell protection in
this process remains to be further understood [94].

A different way to induce neurodegeneration is to inhibit proteasomal function. Interestingly,
proteasome impairment can be compensated for by autophagy, a rescue that depends on the
histone deacetylase 6 (HDAC6) [95]. A protective role of autophagy in context of neurode‐
generation was also demonstrated in a genetic screen conducted in Drosophila with pathogenic
Ataxin-3-induced neurodegeneration. Knockdown of Atg5 in these flies reverts the polyQ
containing Ataxin-3 mediated toxicity. Testing the effects of identified neurodegeneration-
suppressors on autophagy revealed that these factors had different impact on autophagy. The
authors of this study proposed a model in which some neurodegeneration-suppressors induce
autophagy, thereby contributing to protein clearance whereas others mitigate autophagy in
order to counteract autophagic cell death [96]. The role of autophagy in removal of protein
aggregates in neurodegenerative diseases was further confirmed by the finding that depletion
of subunits of the ESCRT complex in flies intensifies the toxic effects exerted by polyQ-
expanded huntingtin [97]. Depletion of ESCRT subunits has autophagy inhibition as conse‐
quence, which manifests in accumulation of protein aggregates containing ubiquitinated
proteins, p62 and Alfy [98].
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The Alzheimer’s disease related peptide Aβ1-42 also induces neurodegeneration, mediated by
age-dependent autophagy-lysosomal injury in a Drosophila model of AD [99]. The age de‐
pendence was shown to be of high importance as brain ageing is accompanied by an increas‐
ingly defective autophagy-lysosomal system and accumulation of dysfunctional
autophagosomes and autolysosomes. As a consequence intracellular membranes and organ‐
elles are damaged. The expression of Aβ1-42 resulted in similar changes already in young
Drosophila and this raised the question if chronic deterioration of the autophagy-lysosomal
system by Aβ1-42 simply accelerates brain ageing [100]. This concept is supported the finding
that expression of autophagy genes decreases with age, and disruption of the autophagy
pathway reduces lifespan of flies [71].

5. Autophagy and its role in lifetime extension

The rate of ageing is reciprocally linked to lifespan and therefore are interventions that extend
longevity of an organism the most direct indication that ageing is slowed down [101]. One well
established, and long known intervention that extends lifespan is dietary restriction (DR), the
limitation of food intake below the ad libidum level without malnutrition. DR has successfully
been proven to extend lifespan in every organism tested, including yeast, worms, flies and
rodents. In addition, DR not only extends lifespan, even the occurrence of age-associated
pathologies, e.g. cardiovascular disease, multiple kinds of cancer, neurodegeneration, are
drastically reduced or at least postponed in animal models [102]. The possibility to perform
forward genetics in different model organisms has boosted the general understanding of
underlying molecular mechanisms how DR, and other life extending interventions, can
execute their effects. Studies in Caenorhabditis elegans by Cynthia Kenyon and co-workers have
already almost two decades ago showed how mutations in the single gene daf-2 (the insulin
receptor homologue in C. elegans) can increase survival by more than two-fold and that such
extended survival is dependent on a second gene, namely daf-16 (a forkhead transcription
factor) [103, 104]. Since then the role of nutrient-sensing pathways in ageing has been ad‐
dressed by many independent groups, which has helped to identify numerous proteins that
are crucial in lifespan determination. Amongst other pathways, both the insulin/insulin-like
growth factor (IGF) and the Target of Rapamycin (TOR) network have been shown to be
important modulators of longevity (reviewed in [101, 105, 106]). The fact that both these
networks also are involved in the regulation of autophagy emphasizes a putative role of
autophagy in lifetime extension and has been addressed in Drosophila by several groups.

Simonsen and co-workers showed that downregulation of autophagy genes in Drosophila
neural tissue is part of the normal ageing process. This is accompanied by accumulation of
insoluble ubiquitinated proteins (IUPs). Impairment of autophagy due to mutations in Atg8a
aggravates the occurrence of IUPs at earlier time points and lowers survival rates [71]. As lipid-
conjugation of Atg8 is essential for nucleation and phagophore elongation it can be speculated
that Atg8 is a limiting factor in autophagic turnover. The over-expression of Atg8 in the central
nervous system of Drosophila indeed extends average and maximum life span by approx. 50%
[71]. Flies not only live longer upon Atg8a over-expression, but also showed a higher tolerance
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to oxidative stress and lower occurrence of IUPs [71]. Interestingly, the longevity promoting
effect of Atg8a over-expression cannot be seen when over-expression is initiated during
development but decreases over time as seen in flies where Atg8a expression was driven by
the early pan-neural driver line Elav-Gal4 [71]

The question if IUPs are cause or a consequence of the ageing process remains to be answered
though. Albeit, the age-dependent accumulation of ubiquitinated proteins that are positive for
Ref(2)P, a protein necessary for cargo recognition in selective autophagy, can be employed as
conserved marker of neuronal ageing and progressive autophagic defects [107].

Also Atg7 was recently reported to extend life span when over-expressed in neuronal tissues
of flies [108]. The life-extending effect of Atg7 is not as pronounced when compared to Atg8.
This might be due to different capabilities in inducing autophagic turnover, or non-autophagy
related side effects of either Atg7 or Atg8a.

Proteostasis is not only important in neuronal tissues but also in muscles of flies. With
increasing age polyubiquitinated proteins accumulate that co-localise with Ref(2)P in muscles
and the cumulative appearance of such aggregates has been demonstrated to impair muscle
fitness [109]. The build-up of such aggregates can be reverted in muscles by the constitutive
activation of the transcription factor FOXO and its target 4E-BP (eukaryotic translation
initiation factor 4E binding protein). Interestingly, the activation of FOXO/4E-BP signaling in
muscles is sufficient to extend lifespan of the whole organism [109]. Furthermore it has been
shown that the FOXO/4E-BP dependent delay in protein aggregate accumulation in muscles
depends on functional autophagy, suggesting promotion of basal autophagy upon FOXO/4E-
BP signaling [109]. The autophagy dependent beneficial effect of FOXO is well in line with
earlier findings that revealed FOXO to be capable to upregulate autophagy [110]. In addition,
the translational repressor 4E-BP is known to be upregulated upon DR and to mediate
enhanced mitochondrial function and life span extension in Drosophila [111]. As already
mentioned earlier, autophagy has a known role in the selective turnover of damaged mito‐
chondria in yeast and mammals, and it is therefore tempting to speculate that autophagy can
promote longevity by improving mitochondrial function in a FOXO/4E-BP dependent manner,
however this remains to be proven.

Ageing in Drosophila can also be manipulated by pharmacological means. Feeding the TOR
inhibitory drug rapamycin, a well-described drug for human use, significantly increases
lifespan and resistance to starvation as well as the oxidative stress inducer paraquat [112].
Rapamycin fails to extend the lifespan of flies with downregulated Atg5 suggesting that
autophagy has to be active in order for rapamycin to slow down ageing [112]. The finding that
inhibition of TOR increases lifespan in Drosophila is well in line with earlier studies demon‐
strating that mutant, inactive TOR or over-expression of the TOR inhibitors dTsc1 or dTsc2
extend longevity [113, 114]. However, the specific role of autophagy was not addressed in
those two studies.

Keeping Drosophila on food supplemented with the polyamine spermidine promotes increased
longevity and this effect has been shown to be autophagy dependent, since depletion of Atg7
abrogates this anti-ageing effect [115].
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The Alzheimer’s disease related peptide Aβ1-42 also induces neurodegeneration, mediated by
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shown that the FOXO/4E-BP dependent delay in protein aggregate accumulation in muscles
depends on functional autophagy, suggesting promotion of basal autophagy upon FOXO/4E-
BP signaling [109]. The autophagy dependent beneficial effect of FOXO is well in line with
earlier findings that revealed FOXO to be capable to upregulate autophagy [110]. In addition,
the translational repressor 4E-BP is known to be upregulated upon DR and to mediate
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mentioned earlier, autophagy has a known role in the selective turnover of damaged mito‐
chondria in yeast and mammals, and it is therefore tempting to speculate that autophagy can
promote longevity by improving mitochondrial function in a FOXO/4E-BP dependent manner,
however this remains to be proven.

Ageing in Drosophila can also be manipulated by pharmacological means. Feeding the TOR
inhibitory drug rapamycin, a well-described drug for human use, significantly increases
lifespan and resistance to starvation as well as the oxidative stress inducer paraquat [112].
Rapamycin fails to extend the lifespan of flies with downregulated Atg5 suggesting that
autophagy has to be active in order for rapamycin to slow down ageing [112]. The finding that
inhibition of TOR increases lifespan in Drosophila is well in line with earlier studies demon‐
strating that mutant, inactive TOR or over-expression of the TOR inhibitors dTsc1 or dTsc2
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longevity and this effect has been shown to be autophagy dependent, since depletion of Atg7
abrogates this anti-ageing effect [115].
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Taken together, all these data indicate an anti-ageing effect of autophagy, however caution is
advised in trying to merely upregulate autophagy pharmacologically in order to counter-act
ageing. Autophagy is essential for the recycling of cellular content, which can serve two general
purposes: autophagy can unburden cells from hazards by removal of those and autophagy
can provide cells with new building blocks for cellular survival. During the lifetime of an
organism, autophagy will most certainly switch forth and back between those roles. In order
to completely understand the complex role of autophagy in ageing it is therefore important to
understand the regulation and cellular outcome of autophagy in a tissue and time dependent
manner.

6. Selective autophagy and ageing

In the following section we want to shed some light on the current knowledge about the
selective removal of cellular contents by autophagy in Drosophila melanogaster. Above, we have
already discussed some examples of selective autophagy in normal ageing and homeostasis.
We therefore will focus more on the mechanistic insights of selective autophagy and what is
known so far about the role of selective autophagy explicitly in ageing of Drosophila.

Selective autophagy in the form of CVT has been known in yeast for a long time and has gained
major attention in mammalian systems over the last years. Selectivity requires crucial,
additional steps to the above described autophagy process: cargo has to be recognized by
specific receptors and must be delivered to the autophagic machinery.

Ubiquitin has emerged as a molecule to tag proteins that are determined for degradation [116].
Conjugation of ubiquitin depends on a complex reaction cascade that requires activation of
ubiquitin (by E1 enzymes), conjugation (E2 ubiquitin conjugating enzyme), and ligation of
ubiquitin with a target substrate (E3 ubiquitin ligase). As a result, ubiquitin is covalently bound
via an isopeptide bond between the C-terminal glycine of ubiquitin and the ε-amino group of
a lysine residue on the substrate protein. Substrate specificity is given by the E3 ubiquitin ligase
that specifically recognizes a protein substrate and brings it to the E2 ubiquitin conjugating
enzyme. A wide spectrum of E1, E2, and E3 enzymes provide cells with selectivity for this
signaling machinery [117]. Ubiquitin itself contains seven lysine residues enabling ubiquitin
to self-attach, thereby forming a polyubiquitin tag. The best-characterised linkages occur via
K48, targeting the substrate for proteasomal degradation, and via K63, which is preferred by
ubiquitin-binding autophagy receptors. Furthermore, K63 ubiquitination has been reported
to be a potent enhancer of inclusion formation and leads to substrate degradation via the
autophagy/lysosome degradation pathway [116, 118-120]. Also more atypical sites for
polyubiquitination, such as K6 or K29, have been reported but the exact role of these ubiquitin
chains is still poorly understood [121].

Taken together, ubiquitin conjugation offers several possibilities to flag proteins and organelles
in different ways by variation of chain length and various sites for ubiquitin self-attachment
and thereby act as a signal for distinct subsequent cellular processing. Molecular links between
ubiquitinated proteins and autophagy were identified in form of the cargo receptors seques‐
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tosome marker SQSTM1/p62 and NBR1 (neighbour of BRCA1 gene) [122]. The conserved
functional homologue for p62/NBR1 in Drosophila is Ref(2)P. Ref(2)P is a 599 amino acid long
protein with an N-terminal Phox Bem1p (PB1) domain, followed by a ZZ-type Zinc finger
domain and a C-terminal UBA (ubiquitin-associated) domain [123]. The PB1 domain allows
for self- and hetero-oligomerisation, while the UBA domain enables Ref(2)P to recognize and
directly interact with ubiquitin. Both domains are necessary for formation of protein aggre‐
gates normally found in brains of adult Drosophila [124]. Flies mutant for Atg8 display an
increased amount of deposited protein aggregates in the brain, however such aggregates are
absent in double-mutant Atg8/Ref(2)P flies [124]. This suggests that Ref(2)P is a selective cargo
receptor for selective autophagy in Drosophila, similar as its homologue p62 in mammals. This
is supported by the presence of a putative LIR (LC3 interacting) domain in Ref(2)P as identified
by bioinformatics analysis [122]. The LIR domain is known to be essential for p62 to interact
with LC3, but it remains to be elucidated if Ref(2)P really interacts with Atg8 via its putative
LIR domain. Independent of the absence of final proof of direct interaction between Atg8 and
Ref(2)P, protein aggregations containing Ref(2)P serve as excellent markers for neuronal
ageing and autophagic defects in Drosophila [107].

Filimonenko et al. were able to identify the mammalian phosphatidylinositol-3-phosphate
(PI3P) binding protein Alfy (PI3P-binding Autophagy-linked FYVE domain protein) to be
actively involved in autophagic degradation of polyglutamine (polyQ) expanded, aggregated
proteins [125]. Albeit harbouring a FYVE domain Alfy is usually not found on endosomes but
instead resides in the nucleus decorating the nuclear membrane. The presence of ubiquitinated,
aggregated proteins in the cytosol leads to relocalization of Alfy to these aggregates [126]. Alfy
can directly interact with p62 and Atg5 [125, 127]. In vitro, Alfy is necessary to recruit Atg5 to
polyQ protein aggregates. In addition, Alfy scaffolds the Atg5-Atg12-Atg16L complex to p62-
and ubiquitin-positive polyQ inclusions [125]. The Atg5-Atg12-Atg16L complex on the other
hand is important for LC3 lipidation [128]. Taken together, all these interactions allow for LC3
lipidation in close spatial proximity to ubiquitinated, aggregated proteins and explain the
absence of other cytosolic components in aggregate filled autophagosomes [125]. Primary
neurons expressing polyQ Htt (Huntingtin) have fewer polyQ inclusions upon ectopic Alfy
expression. These results were confirmed in vivo with a Drosophila model where polyQ
production provokes a phenotype that is due to toxicity. The outcome of polyQ-mediated
toxicity was much milder once bchs (blue cheese, the Drosophila homologue of Alfy) was co-
expressed [125]. Reduced levels of bchs in mutant flies had opposite effects and led to
shortened live span and extensive neurodegeneration [129]. It remains to be elucidated if Alfy/
bchs directly recognizes ubiquitinated aggregates or if this interaction is mediated by p62/
Ref(2)P [22].

Accumulation of damaged mitochondria and increased production of ROS are generally
believed to account for age associated pathologies [5]. The efficiency of selective removal of
damaged mitochondria, mitophagy, might therefore play a major role in the outcome of the
ageing process. Although several lines of evidence suggest the existence of mitophagy in
Drosophila (see section 3) the molecular details in flies still have to be further unravelled.
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additional steps to the above described autophagy process: cargo has to be recognized by
specific receptors and must be delivered to the autophagic machinery.

Ubiquitin has emerged as a molecule to tag proteins that are determined for degradation [116].
Conjugation of ubiquitin depends on a complex reaction cascade that requires activation of
ubiquitin (by E1 enzymes), conjugation (E2 ubiquitin conjugating enzyme), and ligation of
ubiquitin with a target substrate (E3 ubiquitin ligase). As a result, ubiquitin is covalently bound
via an isopeptide bond between the C-terminal glycine of ubiquitin and the ε-amino group of
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that specifically recognizes a protein substrate and brings it to the E2 ubiquitin conjugating
enzyme. A wide spectrum of E1, E2, and E3 enzymes provide cells with selectivity for this
signaling machinery [117]. Ubiquitin itself contains seven lysine residues enabling ubiquitin
to self-attach, thereby forming a polyubiquitin tag. The best-characterised linkages occur via
K48, targeting the substrate for proteasomal degradation, and via K63, which is preferred by
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polyubiquitination, such as K6 or K29, have been reported but the exact role of these ubiquitin
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protein with an N-terminal Phox Bem1p (PB1) domain, followed by a ZZ-type Zinc finger
domain and a C-terminal UBA (ubiquitin-associated) domain [123]. The PB1 domain allows
for self- and hetero-oligomerisation, while the UBA domain enables Ref(2)P to recognize and
directly interact with ubiquitin. Both domains are necessary for formation of protein aggre‐
gates normally found in brains of adult Drosophila [124]. Flies mutant for Atg8 display an
increased amount of deposited protein aggregates in the brain, however such aggregates are
absent in double-mutant Atg8/Ref(2)P flies [124]. This suggests that Ref(2)P is a selective cargo
receptor for selective autophagy in Drosophila, similar as its homologue p62 in mammals. This
is supported by the presence of a putative LIR (LC3 interacting) domain in Ref(2)P as identified
by bioinformatics analysis [122]. The LIR domain is known to be essential for p62 to interact
with LC3, but it remains to be elucidated if Ref(2)P really interacts with Atg8 via its putative
LIR domain. Independent of the absence of final proof of direct interaction between Atg8 and
Ref(2)P, protein aggregations containing Ref(2)P serve as excellent markers for neuronal
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Filimonenko et al. were able to identify the mammalian phosphatidylinositol-3-phosphate
(PI3P) binding protein Alfy (PI3P-binding Autophagy-linked FYVE domain protein) to be
actively involved in autophagic degradation of polyglutamine (polyQ) expanded, aggregated
proteins [125]. Albeit harbouring a FYVE domain Alfy is usually not found on endosomes but
instead resides in the nucleus decorating the nuclear membrane. The presence of ubiquitinated,
aggregated proteins in the cytosol leads to relocalization of Alfy to these aggregates [126]. Alfy
can directly interact with p62 and Atg5 [125, 127]. In vitro, Alfy is necessary to recruit Atg5 to
polyQ protein aggregates. In addition, Alfy scaffolds the Atg5-Atg12-Atg16L complex to p62-
and ubiquitin-positive polyQ inclusions [125]. The Atg5-Atg12-Atg16L complex on the other
hand is important for LC3 lipidation [128]. Taken together, all these interactions allow for LC3
lipidation in close spatial proximity to ubiquitinated, aggregated proteins and explain the
absence of other cytosolic components in aggregate filled autophagosomes [125]. Primary
neurons expressing polyQ Htt (Huntingtin) have fewer polyQ inclusions upon ectopic Alfy
expression. These results were confirmed in vivo with a Drosophila model where polyQ
production provokes a phenotype that is due to toxicity. The outcome of polyQ-mediated
toxicity was much milder once bchs (blue cheese, the Drosophila homologue of Alfy) was co-
expressed [125]. Reduced levels of bchs in mutant flies had opposite effects and led to
shortened live span and extensive neurodegeneration [129]. It remains to be elucidated if Alfy/
bchs directly recognizes ubiquitinated aggregates or if this interaction is mediated by p62/
Ref(2)P [22].

Accumulation of damaged mitochondria and increased production of ROS are generally
believed to account for age associated pathologies [5]. The efficiency of selective removal of
damaged mitochondria, mitophagy, might therefore play a major role in the outcome of the
ageing process. Although several lines of evidence suggest the existence of mitophagy in
Drosophila (see section 3) the molecular details in flies still have to be further unravelled.
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7. Summary and outlook

The cytoprotective role of autophagy has been shown in many different cellular contexts and
induction of autophagy by either pharmacological or genetical means has life extending effects.
However, research conducted in Drosophila has also identified situations during development
when autophagy is necessary for controlled tissue removal and cell death initiation. These two
rather contrary roles, cytoprotection versus cell death initiation, highlight the complexity of
the autophagy pathway and also underscore the importance to understand the molecular
mechanisms by which autophagy exerts its role. As autophagy most likely is regulated in a
tissue and time dependent manner it is of great interest to pinpoint those time points and
tissues in which autophagy has the biggest impact on the general ageing processes.

Ageing is not only influenced by one single pathway but in contrary is a multifaceted process.
Age is a major risk factor for a variety of diseases, e.g. neurodegenerative diseases, metabolic
syndrome, cancer and more. In the past, extensive research has been undertaken to model
neurodegenerative diseases in the fruitfly and has helped to push our understanding, not the
least concerning the involvement of autophagy, to new levels. Today, Drosophila is getting
growing attention as cancer model and it will be exciting to follow future research in order to
get new insights from Drosophila melanogaster about the complex role of autophagy in cancer.
By putting several different pieces of puzzle together, Drosophila already has helped us to get
a clearer picture about the role of autophagy in various aspects of ageing and for sure the
fruitfly will continue to help the research community to reveal more of this complex picture
in the future.
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