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Proteostasis refers to the regulation of the cellular concentration, folding, interactions and
localization of each of the proteins that comprise the proteome. One essential element of
proteostasis is the disposal of misfolded proteins by the cellular pathways of protein degra-
dation. Lysosomes are an important site for the degradation of misfolded proteins, which
are trafficked to this organelle by the pathways of macroautophagy, chaperone-mediated
autophagy and endocytosis. Conversely, amyloid diseases represent a failure in proteosta-
sis, in which proteins misfold, forming amyloid deposits that are not degraded effectively
by cells. Amyloid may then exacerbate this failure by disrupting autophagy and lysosomal
proteolysis. However, targeting the pathways that regulate autophagy and the biogenesis
of lysosomes may present approaches that can rescue cells from the deleterious effects of
amyloidogenic proteins.

Introduction
Proteostasis refers to the regulation of the cellular concentration, folding, interactions and localization of
each the thousands of different proteins that comprise the proteome of an organism [1]. This is achieved by
the close integration of cellular pathways responsible for the synthesis, folding, post-translational mod-
ification, trafficking and degradation of proteins. One vital function of this proteostatic network is the
removal of any proteins that misfold. Conversely, the failure to degrade misfolded proteins can result in
disease [2] (Figure 1).

Cellular pathways for protein
degradation
The principal sites for protein degradation in cells are lysosomes and proteasomes [3]. Both are involved
in the constitutive turnover of cellular proteins; typically, short-lived proteins are degraded by protea-
somes, whereas lysosomes are responsible for the degradation of long-lived proteins. Misfolded proteins
also represent an important class of substrate for lysosomes and proteasomes [1]. These may include pro-
teins that require degradation because they fail to fold after translation, such as those encoded by mutated
sequences. Proteins that initially fold into their native conformations may also misfold due to environ-
mental or stochastic factors and require degradation.

Proteasomes are multi-subunit protease complexes that are present in the cytoplasm of cells [3]. Most
proteins degraded by proteasomes are tagged by polyubiquitination. These proteins are then fed into
the core of the proteasome where they are cleaved by the internal protease activities into short pep-
tides. Proteasomes can degrade a broad array of proteins, but they cannot cleave every protein, for ex-
ample the extended polyglutamine tracts present in disease-associated mutant forms of huntingtin [4].
Moreover, proteins need to be unfolded before they can access the proteasome’s catalytic core. Proteins
and proteinaceous aggregates that resist unfolding by chaperone activities must be degraded elsewhere.
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Figure 1. Cellular pathways of protein degradation remove misfolded proteins

Proteins may either fail to fold after their synthesis or fold into their native structure and then subsequently misfold. Cells must

dispose of these misfolded proteins and their aggregates in order to maintain proteostasis. Lysosomes and proteasomes

represent the principal sites for the degradation of misfolded proteins and play complementary roles in proteostasis.

Lysosomes are membrane-bound cytoplasmic organelles that contain a plethora of different hydrolases, which
degrade macromolecules and organelles [3]. These organelles have the capacity to degrade many fully folded, as well
as misfolded and aggregated, proteins. Once within the lumen of the lysosome, proteins are hydrolysed by an array of
proteases, known as cathepsins [5]. This generates free amino acids that can be used in cellular metabolism. Lysosomes
therefore perform a complementary function to proteasomes in proteostasis, as shown by the lysosomal degradation
of polyglutamine tracts [4].

Sorting of misfolded proteins to the lysosome
for degradation
The pivotal role of lysosomes in proteostasis is exemplified by the multiple pathways used by cells to traffic proteins to
this organelle for degradation (Figure 2). Misfolded plasma membrane proteins are identified by CHIP [C-terminus
of Hsc70 (heat-shock cognate 70)-interacting protein 70]. CHIP is responsible for recruitment of the E3 ubiquitin
ligase, which ubiquitinates the plasma membrane protein, causing it to be endocytosed and ultimately delivered to
the lysosome [6]. Cytoplasmic proteins are delivered to the lysosome by autophagy, of which there are three pathways:
CMA (chaperone-mediated autophagy), macroautophagy and microautophagy [7]. However, whereas both CMA and
macroautophagy play important roles in proteostasis, the role of microautophagy in the degradation of proteins is not
well understood [8] and is therefore not discussed in this article. The endocytic pathway delivers extracellular proteins
to lysosomes, as well as proteins that are resident at the plasma membrane and in endosomes [6].

Delivery of misfolded proteins to lysosomes via
macroautophagy
Macroautophagy encapsulates cytoplasmic material, including cytosolic macromolecules and even entire organelles,
into characteristic double-membraned vesicles known as autophagosomes [6,10] (Figure 2). This cellular degradation
pathway is constitutive, although macroautophagy can be enhanced by stresses such as starvation. The mTOR (mam-
malian target of rapamycin) complex regulates macroautophagy [10]. During the initial hours of nutrient-starved
conditions or upon the addition of rapamycin, macroautophagy is activated. Macroautophagy initiation is controlled
by ULK1 (Unc-51-like kinase 1), mTOR negatively regulates ULK1 by phosphorylation. ULK1 interacts with the class
III PI3K (phosphoinositide 3-kinase) complex, which comprises Vps34 (vacuolar protein sorting 34), the adapter pro-
tein p150 and Beclin-1. Initiation consists of formation of an omegasome which elongates to form a phagophore. This
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Figure 2. Multiple pathways deliver proteins to lysosomes for degradation

(i) Misfolded plasma membrane proteins can be tagged for degradation via the E3 ubiquitin ligase CHIP. The resultant ubiquitinated proteins

are endocytosed into early endosomes, which mature into late endosomes. The misfolded plasma membrane proteins are then delivered to

lysosomes via the fusion of late endosomes with this organelle. (ii) Macroautophagy encapsulates cytoplasmic material, including soluble

cytosolic proteins and protein aggregates, into double-membraned vesicles that then fuse with the lysosome. (iii) In CMA, the chaperone

Hsc70 recognizes misfolded proteins and these are translocated into the lysosome by LAMP-2a. (iv) Microautophagy is associated with

the formation of invaginations in the lysosomal membrane and could also contribute to the delivery of proteins into the lysosome. ER,

endoplasmic reticulum. Adapted from [6,9].
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Figure 3. Proteins are recognized for CMA by a CMA-targeting motif

(i) The CMA motif may contain up to two hydrophobic residues [isoleucine (I), phenylalanine (F), leucine (L) or valine (V)], up to two positive

residues [arginine (R) or lysine (K)] and a single negatively charged residue [glutamate (E) or aspartate (D)] flanked at either the N- or

C-terminus of the pentapeptide by a single glutamine (Q) residue. This is often referred to as a KFERQ or KFERQ-like motif [12]. (ii) Protein

sequence of α-synuclein highlighting the CMA motif (bold and underlined) and potential CMA-targeting motif residues.

phagophore elongates further, encapsulating its cargo, before sealing to produce an autophagosome. The autophago-
some then fuses with a lysosome, delivering its contents for degradation by lysosomal hydrolases [10].

Macroautophagy enables folded proteins, as well as misfolded proteins and protein aggregates, to be delivered to the
lysosome without needing to first unfold these proteins with chaperones [10]. Thus macroautophagy can complement
the proteasome and CMA by degrading proteins and proteinaceous aggregates that resist unfolding by chaperone ac-
tivities. Initially, macroautophagy was thought to be a non-selective mechanism for the turnover of proteins. Owing
to its ability to encapsulate large volumes of cytoplasmic material, macroautophagy would enable both soluble pro-
teins as well as proteinaceous aggregates to be delivered to the lysosome. However, more recent studies have shown
that protein aggregates formed as a consequence of the failure of proteasomes to degrade proteins can be targeted se-
lectively to the macroautophagy pathway. This involves recognition by specific adaptor proteins, such as p62, which
link the aggregates to the assembling autophagosome [11].

Delivery of misfolded proteins to lysosomes via CMA
CMA involves the identification of misfolded proteins by Hsc70, a cytosolic chaperone [12] (Figure 2). Proteins
degraded by CMA have a five-amino-acid motif with the consensus sequence KFERQ (Lys-Phe-Glu-Arg-Gln)
(Figure 3). KFERQ-like motifs are present in approximately one-third of soluble cytosolic proteins. The KFERQ motif
is buried in natively folded proteins. Misfolding of proteins may expose KFERQ-like motifs enabling Hsc70 binding.
The substrate protein is then unfolded and translocated across the lysosome membrane. This process requires Hsc70
on both sides of the lysosomal membrane and the binding of the substrate protein to LAMP-2a (lysosome-associated
membrane protein 2a) [12]. Binding drives the multimerization of LAMP-2a facilitating the translocation of the pro-
tein substrate across the lysosomal membrane [12].

Delivery of misfolded proteins to lysosomes via the endocytic
pathway
The cytosol is not the only cellular location in which proteins can misfold, and lysosomes are also involved in
the degradation of misfolded plasma membrane proteins. Lysosomes are the terminus of the endocytic pathway,
hence enabling plasma membrane proteins to be trafficked for degradation by lysosomal hydrolases. This is well
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documented for receptor down-regulation in cell signalling pathways, in which ligand-bound plasma membrane
receptors are ubiquitinated by E3 ubiquitin ligases, with the ubiquitin tag acting as a signal for the endocytic
trafficking of the receptor to the lysosome [6,9]. A similar process can be used to remove misfolded proteins from the
plasma membrane. The E3 ubiquitin ligase CHIP, which recognizes misfolded proteins that are bound to chaperones,
ubiquitinates the cytoplasmic domains of misfolded membrane proteins [6]. For example disease-associated muta-
tions in the hERG (human ether-a-go-go-related gene) K + channel result in its CHIP-dependent ubiquitination
and trafficking via the endocytic pathway to lysosomes for degradation [13].

Amyloid diseases and their interrelationship
with protein degradation by lysosomes
Amyloid diseases, collectively known as the amyloidoses, represent a failure in proteostasis. This is because pro-
teins are able to misfold into aggregates that are not cleared effectively by the pathways of protein degradation [14].
Irrespective of the precursor protein’s sequence or structure, amyloid formation is associated with proteins aggregat-
ing into fibrils with a cross-β molecular architecture [15,16]. Deposits of amyloid can form within cells, such as in
Parkinson’s disease, although, in many diseases, amyloid forms extracellular deposits, e.g. DRA (dialysis-related amy-
loidosis) [15]. Amyloid fibrils, as well as oligomers formed during either the assembly or the disassembly of fibrils,
can be toxic to cells by damaging cellular membranes, disrupting cellular physiology and may ultimately cause cell
death [15,16]. Crucially, one important element of cellular physiology that can be disrupted by amyloid is protein
degradation by lysosomes. This may not only exacerbate amyloid formation by increasing the level of proteins that
can assemble into amyloid, but also have an impact on other cellular processes by reducing the degradation of other
proteins.

The pathological interplay between lysosomes and amyloid is exemplified in Parkinson’s disease [17]. In Parkin-
son’s disease, α-synuclein aggregates into amyloid that is a major component of Lewy bodies which are cytoplasmic
inclusions that are a primary histological hallmark of this neurodegenerative disorder [18]. α-synuclein amyloid can
also be transmitted between cells, seeding aggregation of the protein in previously healthy cells [19]. Lysosomes are an
important site for the degradation of α-synuclein [12], as such any reduction in either autophagy or in the capacity of
lysosomes to degrade α-synuclein will result in increased levels of this protein, a major risk factor in its aggregation.
Reduced proteolytic activity in lysosomes can also enhance the transmission of α-synuclein amyloid between cells
[20]. A reduced capacity of cells to degrade proteins is a feature of aging and may explain, at least in part, the increased
incidence of sporadic Parkinson’s disease with age [1]. Moreover, cathepsin D, LAMP-2a and Hsc70 are reduced in
dopaminergic neurons of subjects with Parkinson’s disease, suggesting an impairment in the ability of neurons to
deliver α-synuclein to lysosomes and in the subsequent degradation of the protein [21].

CMA is thought to be a major mechanism for the degradation of α-synuclein in healthy cells [12], with α-synuclein
containing the KFERQ-like motif FVKKDQ (Phe-Val-Lys-Lys-Asp-Gln) (Figure 3). The A30P and A53T dominant-
negative mutants of α-synuclein, which are associated with early onset familial forms of Parkinson’s disease, inhibit
CMA [22]. These mutant proteins bind to LAMP-2a, but are not transported across the lysosome membrane, result-
ing in the inhibition of CMA [22]. Similarly, high levels of wild-type α-synuclein can disrupt CMA [23]. Crucially,
inhibition of CMA not only promotes the formation of α-synuclein amyloid, presumably due to increased levels of
the protein, but also affects the degradation of other cellular proteins. One such protein is the neuronal survival fac-
tor MEF2D (myocyte enhancer factor 2D), which, as a result of reduced CMA, accumulates in an inactive form in
the cytoplasm [23]. In addition, α-synuclein amyloid can disrupt macroautophagy, as Lewy body-like α-synuclein
amyloid formed in cultured cells, resist degradation and cause a reduction in the clearance of autophagosomes [24].

Although Parkinson’s disease is associated with formation of amyloid fibrils within the cytoplasm of cells, in many
other amyloid disorders fibrils form extracellular deposits [15]. Lysosomes, however, are also vulnerable to extracel-
lular amyloids, as material from outside of cells can access lysosomes via the endocytic pathway. We have shown,
using β2m (β2-microglobulin), the culprit protein of DRA, that, if the amyloid fibrils are small enough, ∼300 nm in
length, they can be readily endocytosed by cells and trafficked to lysosomes [25]. Once within lysosomes, β2m fibrils
resist degradation and inhibit the proteolysis of endocytosed proteins by lysosomes [25]. Whether this inhibition is
due to overwhelming lysosomal proteases with hard-to-digest protein or another mechanism is unclear, but the inhi-
bition of protein degradation in lysosomes could also have an impact on autophagy. A role for lysosome dysfunction
has also been reported in immunoglobulin light chain amyloidosis [26]. Exposure of cells to immunoglobulin light
chain amyloid results in lysosome dysfunction and the disruption of autophagy, specifically reducing the clearance of
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autophagosomes [26]. This has parallels with the effects of intracellular α-synuclein aggregates on macroautophagy
[24].

Enhancing protein degradation by lysosomes
to reduce amyloid toxicity
Since many studies suggest an interrelationship between amyloid diseases and dysfunction of protein degradation
in lysosomes, could enhancing autophagy and lysosome function provide a way to treat these devastating disorders?
mTOR is a negative regulator of macroautophagy and its inhibition with rapamycin stimulates macroautophagy [10].
Rapamycin can also restore the clearance of autophagosomes in cells exposed to light chain amyloid and reduce tox-
icity associated with this amyloid [26]. Overexpression of sirtuin-1 can also suppress the formation of α-synuclein
amyloid in cell and animal models and it is thought to act via the induction of autophagy [27]. An alternative target
is TFEB (transcription factor EB), which functions as a master regulator of lysosomal biogenesis and autophagy [28].
Overexpression of TFEB or its activation with HPβCD (2-hydroxypropyl-β-cyclodextrin) promotes the clearance
of α-synuclein amyloid via the enhancement of macroautophagy in cells overexpressing α-synuclein [28]. More-
over, TFEB overexpression in a mouse model of Parkinson’s disease enhances expression of proteins associated with
macroautophagy and lysosomes, and crucially protects neurons from α-synuclein toxicity [29].

Activating lysosomal biogenesis and autophagy may be one approach to enhance lysosome function in amyloid
diseases, but another is to target the fibrils themselves. Hsp70 (heat-shock protein 70) is a chaperone whose expression
is induced by cellular stress, and, although predominantly cytosolic, the protein is also localized to the lysosome. We
have found that incubation of cells with Hsp70 can prevent the inhibition of lysosomal proteolysis by β2m fibrils
[30]. Hsp70 may act by binding to and stabilizing β2m fibrils preventing their disassembly into toxic oligomers at the
mildly acidic pH they would encounter in the endocytic pathway [30].

Conclusions
Lysosomes are a key component of the cellular machinery that maintains proteostasis, and these organelles play a cen-
tral role in the degradation of misfolded proteins and their aggregates. The importance of lysosomes in proteostasis
is highlighted by the multiple cellular pathways used by cells to identify misfolded proteins for delivery to lysosomes.
CMA, macroautophagy and the endocytic pathway traffic misfolded proteins to lysosomes. The role of microau-
tophagy is less well understood, but, as a pathway for delivery of material to lysosomes, it could also contribute to
proteostasis. Amyloid diseases in effect correspond to a failure in proteostasis. In some instances, they may be associ-
ated with a reduced ability of cells to deliver proteins to lysosomes, thus resulting in the accumulation of proteins that
can assemble into amyloid. Aging is associated with a reduced cellular proteolytic capacity and may, at least in part,
explain why amyloid diseases are more common in older subjects. Amyloid precursors and amyloid can also disrupt
the delivery of proteins to the lysosome via autophagy and impair proteolysis in lysosomes. Are amyloid diseases
therefore a vicious cycle in which amyloid exacerbates the reduction in cellular proteolytic capacity, resulting in yet
further production of amyloid? Whereas amyloid can exhibit toxic properties, disruption of autophagy will also have
an impact on other cellular functions and may be a downstream pathological consequence of amyloid formation.
Disruption of lysosomal proteolysis could also have an impact on the degradation of plasma membrane proteins.
Despite the increasing evidence of impaired lysosome function in amyloid disease, lysosomes are an underutilized
drug target in the treatment of these disorders. Increasing autophagy and the biogenesis of lysosomes via targeting
TFEB-dependent transcription or mTOR signalling may provide new therapeutic routes to treat these devastating
disorders.

Summary
• The degradation of misfolded proteins is an essential element of proteostasis.
• Lysosomes are degradative organelles that are responsible for the breakdown of proteins and other cellular

components.
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• Misfolded proteins are sorted to lysosomes via chaperone-mediated autophagy, macroautophagy and en-
docytosis.

• Amyloid diseases, such as Parkinson’s disease, represent a failure in proteostasis in which proteins misfold
into amyloid aggregates.

• Amyloid disrupts autophagy and the degradation of proteins in lysosomes, thus exacerbating this failure in
proteostasis.

• Promoting autophagy and the formation of new lysosomes may protect against amyloid diseases.

Abbreviations
β2m, β2-microglobulin; CHIP, C-terminus of Hsc70-interacting protein 70; CMA, chaperone-mediated autophagy; DRA, dialysis-
related amyloidosis; Hsc70, heat-shock cognate 70; Hsp70, heat-shock protein 70; LAMP-2a, lysosome-associated membrane
protein 2a; mTOR, mammalian target of rapamycin; TFEB, transcription factor EB; ULK1, Unc-51-like kinase 1.

Funding
This work was supported by the Wellcome Trust [grant number 092896 (to E.W.H.)] and the European Research Council (ERC)
[grant agreement 32240 (to E.W.H. and M.P.J.)].

Competing Interests
The Authors declare that there are no competing interests associated with the manuscript.

References
1 Labbadia, J. and Morimoto, R.I. (2015) The biology of proteostasis in aging and disease. Annu. Rev. Biochem. 84, 435–464 CrossRef PubMed
2 Gregersen, N., Bross, P., Vang, S. and Christensen, J.H. (2006) Protein misfolding and human Disease. Annu. Rev. Genomics Hum. Genet. 7,

103–124 CrossRef PubMed
3 Ciechanover, A. (2005) Proteolysis: from the lysosome to ubiquitin and the proteasome. Nat. Rev. Mol. Cell Biol. 6, 79–87 CrossRef PubMed
4 Bhutani, N., Piccirillo, R., Hourez, R., Venkatraman, P. and Goldberg, A.L. (2012) Cathepsins L and Z are critical in degrading polyglutamine-containing

proteins within lysosomes. J. Biol. Chem. 287, 17471–17482 CrossRef PubMed
5 Turk, V., Stoka, V., Vasiljeva, O., Renko, M., Sun, T., Turk, B. and Turk, D. (2012) Cysteine cathepsins: from structure, function and regulation to new

frontiers. Biochim. Biophys. Acta 1824, 68–88 CrossRef PubMed
6 MacGurn, J.A. (2014) Garbage on, garbage off: new insights into plasma membrane protein quality control. Curr. Opin. Cell Biol. 29,

92–98 CrossRef PubMed
7 Kroemer, G., Mariño, G. and Levine, B. (2010) Autophagy and the integrated stress response. Mol. Cell 40, 280–293 CrossRef PubMed
8 Li, W.-W., Li, J. and Bao, J.-K. (2011) Microautophagy: lesser-known self-eating. Cell. Mol. Life Sci. 69, 1125–1136 CrossRef PubMed
9 Babst, M. (2014) Quality control at the plasma membrane: one mechanism does not fit all. J. Cell Biol. 205, 11–20 CrossRef PubMed
10 Rubinsztein, D.C., Codogno, P. and Levine, B. (2012) Autophagy modulation as a potential therapeutic target for diverse diseases. Nat. Rev. Drug Discov.

11, 709–730 CrossRef PubMed
11 Khaminets, A., Behl, C. and Dikic, I. (2016) Ubiquitin-dependent and independent signals in selective autophagy. Trends Cell Biol. 26,

6–16 CrossRef PubMed
12 Cuervo, A.M. (2010) Chaperone-mediated autophagy: selectivity pays off. Trends Endocrinol. Metab. 21, 142–150 CrossRef PubMed
13 Apaja, P.M., Foo, B., Okiyoneda, T., Valinsky, W.C., Barriere, H., Atanasiu, R. et al. (2013) Ubiquitination-dependent quality control of hERG K + channel

with acquired and inherited conformational defect at the plasma membrane. Mol. Biol. Cell 24, 3787–3804 CrossRef PubMed
14 Hipp, M.S., Park, S.-H. and Hartl, F.U. (2014) Proteostasis impairment in protein-misfolding and aggregation diseases. Trends Cell Biol. 24,

506–514 CrossRef PubMed
15 Chiti, F. and Dobson, C.M. (2006) Protein misfolding, functional amyloid, and human disease. Annu. Rev. Biochem. 75, 333–366 CrossRef PubMed
16 Tipping, K.W., van Oosten-Hawle, P., Hewitt, E.W. and Radford, S.E. (2015) Amyloid fibres: inert end-stage aggregates or key players in disease? Trends

Biochem. Sci. 40, 719–727 CrossRef PubMed
17 Dehay, B., Martinez-Vicente, M., Caldwell, G.A., Caldwell, K.A., Yue, Z., Cookson, M.R. et al. (2013) Lysosomal impairment in Parkinson’s disease. Mov.

Disord. 28, 725–732 CrossRef PubMed
18 Yu, S. and Chan, P. (2014) Role of α-synuclein in neurodegeneration: implications for the pathogenesis of Parkinson’s disease. Essays BioChem. 56,

125–135 CrossRef PubMed
19 Luk, K.C., Song, C., O’Brien, P., Stieber, A., Branch, J.R., Brunden, K.R. et al. (2009) Exogenous α-synuclein fibrils seed the formation of Lewy body-like

intracellular inclusions in cultured cells. Proc. Natl. Acad. Sci. U.S.A. 106, 20051–20056 CrossRef PubMed

c© 2016 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons
Attribution Licence 4.0 (CC BY).

179

http://dx.doi.org/10.1146/annurev-biochem-060614-033955
http://www.ncbi.nlm.nih.gov/pubmed/25784053
http://dx.doi.org/10.1146/annurev.genom.7.080505.115737
http://www.ncbi.nlm.nih.gov/pubmed/16722804
http://dx.doi.org/10.1038/nrm1552
http://www.ncbi.nlm.nih.gov/pubmed/15688069
http://dx.doi.org/10.1074/jbc.M112.352781
http://www.ncbi.nlm.nih.gov/pubmed/22451661
http://dx.doi.org/10.1016/j.bbapap.2011.10.002
http://www.ncbi.nlm.nih.gov/pubmed/22024571
http://dx.doi.org/10.1016/j.ceb.2014.05.001
http://www.ncbi.nlm.nih.gov/pubmed/24908345
http://dx.doi.org/10.1016/j.molcel.2010.09.023
http://www.ncbi.nlm.nih.gov/pubmed/20965422
http://dx.doi.org/10.1007/s00018-011-0865-5
http://www.ncbi.nlm.nih.gov/pubmed/22080117
http://dx.doi.org/10.1083/jcb.201310113
http://www.ncbi.nlm.nih.gov/pubmed/24733583
http://dx.doi.org/10.1038/nrd3802
http://www.ncbi.nlm.nih.gov/pubmed/22935804
http://dx.doi.org/10.1016/j.tcb.2015.08.010
http://www.ncbi.nlm.nih.gov/pubmed/26437584
http://dx.doi.org/10.1016/j.tem.2009.10.003
http://www.ncbi.nlm.nih.gov/pubmed/19857975
http://dx.doi.org/10.1091/mbc.E13-07-0417
http://www.ncbi.nlm.nih.gov/pubmed/24152733
http://dx.doi.org/10.1016/j.tcb.2014.05.003
http://www.ncbi.nlm.nih.gov/pubmed/24946960
http://dx.doi.org/10.1146/annurev.biochem.75.101304.123901
http://www.ncbi.nlm.nih.gov/pubmed/16756495
http://dx.doi.org/10.1016/j.tibs.2015.10.002
http://www.ncbi.nlm.nih.gov/pubmed/26541462
http://dx.doi.org/10.1002/mds.25462
http://www.ncbi.nlm.nih.gov/pubmed/23580333
http://dx.doi.org/10.1042/bse0560125
http://www.ncbi.nlm.nih.gov/pubmed/25131591
http://dx.doi.org/10.1073/pnas.0908005106
http://www.ncbi.nlm.nih.gov/pubmed/19892735
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/


Essays in Biochemistry (2016) 60 173–180
DOI: 10.1042/EBC20160005

20 Bae, E.-J., Yang, N.Y., Lee, C., Kim, S., Lee, H.-J. and Lee, S.-J. (2015) Haploinsufficiency of cathepsin D leads to lysosomal dysfunction and promotes
cell-to-cell transmission of α-synuclein aggregates. Cell Death Dis. 6, e1901 CrossRef PubMed

21 Alvarez-Erviti, L., Rodriguez-Oroz, M.C., Cooper, J.M., Caballero, C., Ferrer, I., Obeso, J.A. and Schapira, A.H.V. (2010) Chaperone-mediated autophagy
markers in Parkinson disease brains. Arch. Neurol. 67, 1–9 CrossRef

22 Cuervo, A.M., Stefanis, L., Fredenburg, R., Lansbury, P.T. and Sulzer, D. (2004) Impaired degradation of mutant α-synuclein by chaperone-mediated
autophagy. Science 305, 1292–1295 CrossRef PubMed

23 Yang, Q., She, H., Gearing, M., Colla, E., Lee, M., Shacka, J.J. and Mao, Z. (2009) Regulation of neuronal survival factor MEF2D by chaperone-mediated
autophagy. Science 323, 124–127 CrossRef PubMed

24 Tanik, S.A., Schultheiss, C.E., Volpicelli-Daley, L.A., Brunden, K.R. and Lee, V.M. Y. (2013) Lewy body-like α-synuclein aggregates resist degradation
and impair macroautophagy. J. Biol. Chem. 288, 15194–15210 CrossRef PubMed

25 Jakhria, T., Hellewell, A.L., Porter, M.Y., Jackson, M.P., Tipping, K.W., Xue, W.F., Radford, S.E. and Hewitt, E.W. (2014) β2-Microglobulin amyloid fibrils
are nanoparticles that disrupt lysosomal membrane protein trafficking and inhibit protein degradation by lysosomes. J. Biol. Chem. 289,
35781–35794 CrossRef PubMed

26 Guan, J., Mishra, S., Qiu, Y., Shi, J., Trudeau, K. and Las, G. (2014) Lysosomal dysfunction and impaired autophagy underlie the pathogenesis of
amyloidogenic light chain-mediated cardiotoxicity. EMBO Mol. Med. 6, 1493–1507 CrossRef PubMed

27 Sampaio-Marques, B. and Ludovico, P. (2015) Sirtuins and proteolytic systems: implications for pathogenesis of synucleinopathies. Biomolecules 5,
735–757 CrossRef PubMed

28 Kilpatrick, K., Zeng, Y., Hancock, T. and Segatori, L. (2015) Genetic and chemical activation of TFEB mediates clearance of aggregated α-synuclein.
PLoS One 10, e0120819 CrossRef PubMed

29 Decressac, M., Mattsson, B. and Weikop, P. (2013) TFEB-mediated autophagy rescues midbrain dopamine neurons from α-synuclein toxicity. Proc.
Natl. Acad. Sci. U.S.A. 110, e1817–1826 CrossRef PubMed

30 Tipping, K.W., Karamanos, T.K., Jakhria, T., Iadanza, M.G., Goodchild, S.C., Tuma, R. et al. (2015) pH-induced molecular shedding drives the formation
of amyloid fibril-derived oligomers. Proc. Natl. Acad. Sci. U.S.A. 112, 5691–5696 CrossRef PubMed

180 c© 2016 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons Attribution
Licence 4.0 (CC BY).

http://dx.doi.org/10.1038/cddis.2015.283
http://www.ncbi.nlm.nih.gov/pubmed/26448324
http://dx.doi.org/10.1001/archneurol.2010.198
http://dx.doi.org/10.1126/science.1101738
http://www.ncbi.nlm.nih.gov/pubmed/15333840
http://dx.doi.org/10.1126/science.1166088
http://www.ncbi.nlm.nih.gov/pubmed/19119233
http://dx.doi.org/10.1074/jbc.M113.457408
http://www.ncbi.nlm.nih.gov/pubmed/23532841
http://dx.doi.org/10.1074/jbc.M114.586222
http://www.ncbi.nlm.nih.gov/pubmed/25378395
http://dx.doi.org/10.15252/emmm.201404190
http://www.ncbi.nlm.nih.gov/pubmed/25319546
http://dx.doi.org/10.3390/biom5020735
http://www.ncbi.nlm.nih.gov/pubmed/25946078
http://dx.doi.org/10.1371/journal.pone.0120819
http://www.ncbi.nlm.nih.gov/pubmed/25790376
http://dx.doi.org/10.1073/pnas.1305623110
http://www.ncbi.nlm.nih.gov/pubmed/23610405
http://dx.doi.org/10.1073/pnas.1423174112
http://www.ncbi.nlm.nih.gov/pubmed/25902516
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

