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In 2008 we published the first set of guidelines for
standardiz- ing research in autophagy. Since then,
research on this topic has continued to accelerate,
and many new scientists haveentered the field. Our
knowledge base and relevant new tech- nologies
have also been expanding. Accordingly, it is

importantto update these guidelines for monitoring
autophagy in differ- ent organisms. Various reviews
have described the range of assays that have been used
for this purpose. Nevertheless, therecontinues to be
confusion regarding acceptable methods to measure
autophagy, especially in multicellular eukaryotes.

For example, a key point that needs to be
emphasized is that there is a difference between



measurements that monitor the num-bers or volume of
autophagic elements (e.g., autophagosomes or
autolysosomes) at any stage of the autophagic process
versus thosethat measure flux through the autophagy
pathway (i.e., the com- plete process including the
amount and rate of cargo sequesteredand degraded).
In particular, a block in macroautophagy that results
in  autophagosome  accumulation must be
differentiated from stimuli that increase autophagic
activity, defined as increased autophagy induction
coupled with increased delivery to, and degra- dation
within, lysosomes (in most higher eukaryotes and some
pro- tists such as Dictyostelium) or the vacuole (in
plants and fungi). In other words, it is especially
important that investigators new to thefield understand
that the appearance of more autophagosomes does
not necessarily equate with more autophagy. In fact, in
many cases, autophagosomes accumulate because of a
block in trafficking to lysosomes without a
concomitant change in autophagosome

biogenesis, whereas an increase in autolysosomes
may reflect areduction in degradative activity. It is
worth emphasizing here that lysosomal digestion is a
stage of autophagy and evaluating its com-petence is a
crucial part of the evaluation of autophagic flux, or
complete autophagy.

Here, we present a set of guidelines for the
selection and interpretation of methods for use by
investigators who aim to examine macroautophagy
and related processes, as well as for reviewers who
need to provide realistic and reasonable critiques of
papers that are focused on these processes. These
guidelinesare not meant to be a formulaic set of rules,
because the appro-priate assays depend in part on the
question being asked and the system being used. In
addition, we emphasize that no indi- vidual assay is
guaranteed to be the most appropriate one in every
situation, and we strongly recommend the use of
multipleassays to monitor autophagy. Along these
lines, because of thepotential for pleiotropic effects
due to blocking autophagy through genetic
manipulation, it is imperative to target by gene
knockout or RNA interference more than one
autophagy- related protein. In addition, some
individual Atg proteins, or groups of proteins, are
involved in other cellular pathways implying that not
all Atg proteins can be used as a specific marker for
an autophagic process. In these guidelines, we con-
sider these various methods of assessing autophagy
and what information can, or cannot, be obtained
from them. Finally, by discussing the merits and
limits of particular assays, we hope to encourage
technical innovation in the field.



Introduction

Many researchers, especially those new to the field,
need to determine which criteria are essential for
demonstrating autophagy, either for the purposes of
their own research, or in the capacity of a manuscript
or grant review.! Acceptable standards are an
important issue, particularly considering that each of
us may have his/her own opinion regarding the
answer. Unfortunately, the answer is in part a
“moving target” as the field evolves.? This can be
extremely frustrating for researcherswho may think
they have met those criteria, only to find out that the
reviewers of their papers have different ideas. Con-
versely, as a reviewer, it is tiresome to raise the same
objections



repeatedly, wondering why researchers have not
fulfilled some of the basic requirements for
establishing the occurrence of an autophagic
process. In addition, drugs that potentially modu-
late autophagy are increasingly being used in
clinical trials, andscreens are being carried out for
new drugs that can modulate autophagy for
therapeutic purposes. Clearly it is important to
determine whether these drugs are truly affecting
autophagy, and which step(s) of the process is
affected, based on a set of accepted criteria.
Accordingly, we describe here a basic set of
contemporary guidelines that can be used by
researchers to plan and interpret their experiments,
by clinicians to evaluate the literature with regard
to autophagy-modulating therapies, and by both
authors and reviewers to justify or criticize an
experimental approach.

Several fundamental points must be kept in mind
asAwe establish- gtudellrfes forthe selection of
appropriate  methods, .. onltmrmblautophagy
Importantly, there are absolute criteria for
determining’a hitdéﬁ"é C’s s that are applicable in
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becausesom f/s re inappr prlaw roblematic
or magycsb Wo\ltaf all in partic- Uhar/gel tissues

or ‘otganisnise PRy "' %%é?hpj,g,,w)\amopnaglc
respenses:to drugs may be different in transformed
vesus non- transformed—eells;—and _in confluent
versus none\qqg}}qp cells, or i c Cel.l§ GiBlwn with or
without glucose. Ulnrlmfflq‘g)llykon these gu;dqﬁ%s are
likely to evolve as /new\metil\ dologies| c?e%e)vel-
oped and currérg@@$$ays ¢ A jerséded.

Nonethelessyitis L}Qéeful/fo estab&réhgmdmfor

acceptablez a 5)73 ‘ﬁat/qp N[  Samaitor
autophag%bq many exp@n{ ntal 8y 5H s
impor2"tafit to “hote that in thisset of g guidelines the
term  “autophagy”  generally _ refers  to
macroautophagy; oth aq}{mﬁagy refated
proces§ es are ‘sp*e@i'ﬂ‘clley/ designated when
appropriate;

For the p’urpsescqbt the_autophagic
compaft=-r -ig” /1) are eferted to as the

seqyegbg (R i :
PGy, p@vyuwpal.lamhekmaugn or Seguiestration
membraness),’  theh cadtophiagosome™ (APYE  the
ampphisome (AM; generated by the fusion of
autophagosomes with endosomes), 9’111 edlysosome
the autolysosome (AL; gener- ated by fusion of
autophagosom%“”dﬁafﬁphlsom@
.DO / Autophagic
N J\

body (AB)
\«/le./ ;\ N

some), and the autophagic body (AB; generated by
fusion and release of the internal autophagosomal
compartment into the vacuole in fungi and plants).
Except for cases of highly stimu- lated autophagic
sequestration (Fig. 2), autophagic bodies are

Figure 1. Schematic model demonstrating the induction of
autophagosome for-mation when turnover is blocked versus
normal autophagic flux, and illustrating the morphological
intermediates of macroautophagy. (A) The initiation of auto-
phagy includes the formation of the phagophore, the initial
sequestering compart- ment, which expands into an
autophagosome. Completion of the autophagosome

is followed by fusion with lysosomes and degradation of
the contents, allowing complete flux, or flow, through the
entire pathway. This is a different outcome than the situation
shown in (B) where induction results in the initiation of auto-
phagy, but a defect in autophagosome turnover due, for
example, to a block in fusion with lysosomes or disruption
of lysosomal functions will result in an

increased number of autophagosomes. In this scenario,
autophagy has been induced, but there is no or limited
autophagic flux. (C) An autophagosome canfuse with an
endosome to generate an amphisome, prior to fusion with the
lyso- some. (D) Schematic drawing showing the formation
of an autophagic body infungi. The large size of the fungal
vacuole relative to autophagosomes allows the

release of the single-membrane autophagic body within the
vacuole lumen. Incells that lack vacuolar hydrolase activity, or
in the presence of inhibitors that block hydrolase activity, intact
autophagic bodies accumulate within the vacuole lumenand
can be detected by light microscopy. The lysosome of most
higher eukaryotes is too small to allow the release of an
autophagic body.



Figure 2. An autophagic body in a large lysosome of a mouse
epithelial cell from aseminal vesicle in vitro. The arrow shows
the single limiting membrane covering the sequestered rough
ER. Image provided by A.L. Kovacs.

not  seen in animal cells, because
lysosomes/autolysosomes aretypically smaller than
autophagosomes.®®1° One critical point is that
autophagy is a highly dynamic, multi-step process.
Likeother cellular pathways, it can be modulated at
several steps, both positively and negatively. An
accumulation of autophago- somes (measured by
transmission electron microscopy [TEM] image
analysis,! as green fluorescent protein [GFP]-
MAP1LC3 [GFP-LC3] puncta, or as changes in the
amount of lipidated LC3 [LC3-11] on a western blot),
could, for example, reflect a reduction in
autophagosome turnover,'>* or the inability of
turnover to keep pace with increased autophagosome
forma- tion (Fig. 1B).*® For example, inefficient
fusion with endosomes and/or lysosomes, or
perturbation of the transport machin- ery,'® would
inhibit autophagosome maturation to amphisomesor
autolysosomes (Fig. 1C), whereas decreased flux
could alsobe due to inefficient degradation of the
cargo once fusion has occurred.l” Moreover, GFP-
LC3 puncta and LC3 lipidation can reflect the
induction of a different/modified pathway such as
LC3-associated phagocytosis (LAP),'® and the
noncanonical destruction pathway of the paternal
mitochondria after fertilization.'®2°

Accordingly, the use of autophagy markers such

as LC3-11 must be complemented by assays to estimate
overall autophagic flux, or flow, to permit a correct
interpretation of the results. That is, autophagic
activity includes not just the increased syn-thesis or
lipidation of Atg8/LC3 (LC3 is the mammalian homo-



meet intracellular metabolic demands. The impact
of autopha- gic flux on cell death and human
pathologies therefore demands accurate tools to
measure not only the current flux of the system, but
also its capacity,?* and its response time, when
exposed to a defined stress.??

One approach to evaluate autophagic flux is to
measure the rate of general protein breakdown by
autophagy.®2 It is possi-ble to arrest the autophagic
flux at a given point, and then record the time-
dependent accumulation of an organelle, an
organelle marker, a cargo marker, or the entire
cargo at the point of blockage; however, this
approach, sometimes incor- rectly referred to as
autophagic flux, does not assess complete
autophagy because the experimental block is
usually induced (at least in part) by inhibiting
lysosomal proteolysis, which pre- cludes the
evaluation of lysosomal functions. In addition, the
latter assumes there is no feedback of the
accumulating struc- ture on its own rate of
formation.?* In an alternative approach, one can
follow the time-dependent decrease of an
autophagy- degradable marker (with the caveat that
the potential contribu- tion of other proteolytic
systems and of new protein synthesis need to be
experimentally addressed). In theory, these
nonauto- phagic processes can be assessed by
blocking autophagic sequestration at specific steps of
the pathway (e.g., blocking fur- ther induction or
nucleation of new phagophores) and by mea- suring
the decrease of markers distal to the block
point.!2142> The key issue is to differentiate
log of yeast Atg8), or an increase in the formation of
autophagosomes, but, most importantly, flux through
the entiresystem, including lysosomes or the vacuole,
and the subsequent release of the breakdown
products. Therefore, autophagic sub-strates need to
be monitored dynamically over time to verify that
they have reached the lysosome/vacuole, and
whether or not they are degraded. By responding to
perturbations in the extracellular environment, cells
tune the autophagic flux to

between the often transient accumulation of
autophagosomes due to increased induction, and
their accumulation due to inefficient clearance of
seques- tered cargos by both measuring the levels of
autophagosomes at static time points and by
measuring changes in the rates of autophagic
degradation of cellular components.!” Both pro-
cesses have been used to estimate “autophagy,” but
unless the experiments can relate changes in
autophagosome quantity to a direct or indirect
measurement for autophagic flux, the results may be
difficult to interpret.?® A general caution regarding
the use of the term “steady state” is warranted at this
point. It should not be assumed that an autophagic
system is at steady state in the strict biochemical
meaning of this term, as this implies that the level of
autophagosomes does not change withtime, and the
flux through the system is constant. In these
guidelines, we use steady state to refer to the baseline
range of autophagic flux in a system that is not
subjected to specific per-turbations that increase or
decrease that flux.

Autophagic flux refers to the entire process of

autophagy, which encompasses the inclusion (or
exclusion) of cargo withinthe autophagosome, the
delivery of cargo to lysosomes (via fusion of the
latter with autophagosomes or amphisomes) and its
subsequent breakdown and release of the resulting
macro- molecules back into the cytosol (this may be
referred to as pro-ductive or complete autophagy).
Thus, increases in the level of
phosphatidylethanolamine (PE)-modified Atg8/LC3
(Atg8—-PE/
LC3-1l), or even the appearance  of
autophagosomes, are not measures of autophagic
flux per se, but can reflect the induction of autophagic
sequestration and/or inhibition of autophagosome or
amphisome clearance. Also, it is important to realize
that while formation of Atg8—PE/LC3-1I appears to
correlate with the induction of autophagy, we do not
know, at present, the actual mechanistic relationship
between Atg8—PE/LC3-I1 formation and the rest of
the autophagic process;



indeed, it may be possible to execute “self-eating” in
the absence of LC3-11.%7

As a final note, we also recommend that
researchers refrain from the use of the expression
“percent autophagy” when describing experimental
results, as in “The cells displayed a 25% increase in
autophagy.” Instead, it is appropriate to indi- cate
that the average number of GFP-Atg8/LC3 puncta
per cellis increased or a certain percentage of cells
displayed punctate GFP-Atg8/LC3 that exceeds a
particular threshold (and this threshold should be
clearly defined in the Methods section), orthat there
is a particular increase or decrease in the rate of cargo
sequestration or the degradation of long-lived
proteins, when these are the actual measurements
being quantified.

In a previous version of these guidelines,? the
methods wereseparated into 2 main sections—steady
state and flux. In some instances, a lack of clear
distinction between the actual method- ologies and
their potential uses made such a separation some-
what artificial. For example, fluorescence
microscopy was initially listed as a steady-state
method, although this approachcan clearly be used to
monitor flux as described in this article, especially
when considering the increasing availability of new
technologies such as microfluidic chambers.
Furthermore, the use of multiple time points and/or
lysosomal fusion/degrada- tion inhibitors can turn
even a typically static method such as TEM into one
that monitors flux. Therefore, although we maintain
the importance of monitoring autophagic flux and
not just induction, this revised set of guidelines does
not sepa- rate the methods based on this criterion.
Readers should be aware that this article is not meant
to present protocols, but rather guidelines, including
information that is typically not presented in protocol
papers. For detailed information on experimental
procedures we refer readers to various protocols that
have been published elsewhere.?#44  Finally,
throughout the guidelines we provide specific
cautionary notes, and these are important to consider
when planning experiments and interpreting data;
however, these cautions are not meant to be a
deterrent to undertaking any of these experiments or
a hin- drance to data interpretation.

Collectively, we propose the following guidelines
for mea- suring various aspects of selective and
nonselective autophagyin eukaryotes.

A. Methods for monitoring autophagy
1. Transmission electron microscopy

Autophagy was first detected by TEM in the 1950s
(reviewed inref. 6). It was originally observed as focal
degradation of cyto- plasmic areas performed by
lysosomes, which remains the hall- mark of this
process. Later analyses revealed that it starts with the
sequestration of portions of the cytoplasm by a special
double-membrane structure (now termed the
phagophore), which matures into the autophagosome,
still bordered by a double membrane. Subsequent
fusion events expose the cargo to the lysosome (or the
vacuole in fungi or plants) for enzy- matic breakdown.

The importance of TEM in autophagy research lies
in sev- eral qualities. It is the only tool that reveals the
morphology ofautophagic structures at a resolution
in the nm range; shows



these structures in their natural environment and
position among all other cellular components;
allows their exact identifi-cation; and, in addition, it
can support quantitative studies if the rules of
proper sampling are followed.*!
Autophagy can be both selective and
nonselective, and TEMcan be used to monitor
both. In the case of selective autophagy,the cargo
IS the specific substrate being targeted for
sequestra-tion—bulk cytoplasm is essentially
excluded. In contrast, dur-ing  nonselective
autophagy, the various
cytoplasmicconstituents are sequestered
randomly, resulting in autophago-somes in the
size range of normal mitochondria. Sequestration
of larger structures (such as big lipid droplets,
extremely elon-gated or branching mitochondria
or the entire Golgi complex)is rare, indicating an
apparent upper size limit for individual
autophagosomes. However, it has been observed
that underspecial circumstances the potential
exists for the formation ofhuge autophagosomes,
which can even engulf a completenucleus.?®
Cellular components that form large confluent
areasexcluding bulk cytoplasm, such as organized,
functional myofi-brillar structures, do not seem to
be sequestered by macroau-tophagy. The situation
is less clear with regard to glycogen.*>#' After
sequestration, the content of the autophagosome
and
its bordering double membrane remain
morphologicallyunchanged, and clearly
recognizable for a considerable time,which can
be measured for at least many minutes. During
thisperiod, the membranes of the sequestered
organelles (for exam-ple, the ER or mitochondria)
remain intact, and the density ofribosomes is
conserved at normal levels. Degradation of the
sequestered material and the corresponding
deterioration ofultrastructure commences and
runs to completion within theamphisome and the
autolysosome after fusion with a late endo-some
and lysosome (the vacuole in fungi and plants),
respec-tively (Fig. 1).*® The sequential
morphological changes duringthe autophagic
process can be followed by TEM. The matura-
tion from the phagophore through the
autolysosome is adynamic and continuous
process,*® and, thus, the classificationof
compartments into discrete morphological
subsets can beproblematic; therefore, some basic

guidelines are offered below. In the preceding
sections the “autophagosome,” the “amphi- some”
and the “autolysosome” were terms used to
describe orindicate 3 basic stages and
compartments of autophagy. It isimportant to
make it clear that for instances (which may be
many) when we cannot or do not want to
differentiate amongthe autophagosomal,
amphisomal and autolysosomal stage weuse the
general term “autophagic vacuole”. In the yeast
autoph-agy field the term “autophagic vesicle” is
used to avoid confu-sion with the primary vacuole,
and by now the 2 terms are usedin parallel and can
be considered synonyms. It is strongly rec-
ommended, however, to use only the term
“autophagic vacu-ole” when referring to
macroautophagy in higher eukaryoticcells.
Autophagosomes, also referred to as initial
autophagicvacuoles (AVi), typically have a double
membrane. This struc-ture is usually distinctly
visible by EM as 2 parallel membranelayers
(bilayers) separated by a relatively narrower or
wider electron-translucent cleft, even when
applying the sim-plest routine EM fixation
procedure (Fig. 3A).%%5! This elec-tron-translucent
cleft, however, is less visible or not visible in
freeze-fixed samples, suggesting it is an artifact of
sample prep-aration (see ref. 25, 68 and Fig. S3 in
ref. 52). In the case of



Figure 3. TEM images of autophagic vacuoles in isolated
mouse hepatocytes. (A) One autophagosome or early initial
autophagic vacuole (AVi) and one degradative autophagic
vacuole (AVd) are shown. The AVi can be identified by its
contents (morphologically intact cytoplasm, including
ribosomes, and rough ER), and the limiting membrane that is
partially visible as 2 bilayers separated by a narrow elec- tron-
lucent cleft, i.e., as a double membrane (arrow). The AVd can
be identified byits contents, partially degraded, electron-dense
rough ER. The wvesicle next to the AVd is an
endosomal/lysosomal structure containing 5-nm gold particles
that wereadded to the culture medium to trace the endocytic
pathway. (B) One AVi, contain-

ing rough ER and a mitochondrion, and one AVd,
containing partially degradedrough ER, are shown. Note that
the limiting membrane of the AVi is not clearly vis- ible, possibly
because it is tangentially sectioned. However, the electron-
lucent cleft between the 2 limiting membranes is visible and
helps in the identification of

the A]Vi. The AVd co(ptains a region filled by small internal
Vesi e% -

asteri ) L
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Image provided by E.-L. Eskelinen.

nonselective autophagy, autophagosomes contain
cytosol and/ or organelles appearing morphologically
intact as also described above.*®°® Amphisomes® can
sometimes be identi- fied by the presence of small
intralumenal vesicles.>® These intralumenal vesicles
are delivered into the lumen by fusion of the
autophagosome/autophagic vacuole (AV) limiting



membrane with multivesicular endosomes, and
care shouldtherefore be taken in the identification
of the organelles, espe- cially in cells that produce
large numbers of multivesicular body (MVB)-
derived exosomes (such as tumor or stem cells).>®
Late/degradative autophagic
vacuoles/autolysosomes (AVd or AL) typically
have only one limiting membrane; frequently they
contain electron dense cytoplasmic material and/or
organ-elles at various stages of degradation (Fig.
3A and B);*% although late in the digestion
process, they may contain only a few membrane
fragments and be difficult to distinguish from
lysosomes, endosomes, or tubular smooth ER cut in
cross-sec-tion. Unequivocal identification of these
structures and of lyso- somes devoid of visible
content requires immuno-EM detection of a
cathepsin or other lysosomal hydrolase (e.g., ACP2
[acid phosphatase 2, lysosomal]®”*®) that is
detected on the limiting membrane of the
lysosome.®® Smaller, often elec- tron dense,
lysosomes may predominate in some cells and
exhibit hydrolase immunoreactivity within the
lumen and on the limiting membrane.%°

In addition, structural proteins of the
lysosome/late endo- some, such as LAMP1 and
LAMP2 or SCARB2/LIMP-2, can be used for
confirmation. No single protein marker, however,
has been effective in discriminating autolysosomes
from the com- partments mentioned above, in part
due to the dynamic fusion and ‘kiss-and-run”
events that promote interchange of compo- nents
that can occur between these organelle subtypes.
Rigor- ous further discrimination of these
compartments from each other and other vesicles
ultimately requires demonstrating the
colocalization of a second marker indicating the
presence of anautophagic substrate (e.g., LC3-CTSD
[cathepsin D] colocaliza- tion) or the acidification of
the compartment (e.g., mRFP/mCherry-GFP-LC3
probes [see Tandem mRFP/mCherry-GFP
fluorescence microscopy], or Bodipy-pepstatin A
detection of CTSD in an activated form within an
acidic compartment), and, when appropriate, by
excluding  markers of  other  vesicular

components.®"04.62
The sequential
structures being

digested can be used for identifying autolysosomes
by TEM. Even when the partially digested and
destroyed structure can- not be recognized in itself,
it can be traced back to earlier formsby identifying

deterioration of cytoplasmic

preceding stages of sequential morphological
deterioration. Degradation usually leads first to
increased den- sity of still recognizable organelles,
then to vacuoles with heter-ogenous density, which
become more homogenous andamorphous, mostly
electron dense, but sometimes light (i.e., electron
translucent). It should be noted that, in pathological
states, it is not uncommon that active autophagy of
autolyso- somes and damaged lysosomes
(“lysosophagy”) may yield pop-ulations of double-
membrane limited autophagosomes containing
partially digested amorphous substrates in the lumen.
These structures, which are enriched in hydrolases,
are seen in swollen dystrophic neurites in some
neurodegenerativediseases,®® and in cerebellar slices
cultured in vitro and infectedwith prions.

It must be emphasized that in addition to the
autophagic input, other processes (e.g., endosomal,
phagosomal, chaper- one-mediated) also carry cargo
to the lysosomes,®*®® in some cases through the
intermediate step of direct endosome fusion with an
autophagosome to form an amphisome. This process
is



exceptionally common in the axons of neurons.®®
Therefore, strictly speaking, we can only have a lytic
compartment con- taining cargos arriving from
several possible sources; however,we still may use
the term “autolysosome” if the content appearsto be
overwhelmingly autophagic. Note that the
engulfment of apoptotic cells via phagocytosis also
produces lysosomes that contain cytoplasmic
structures, but in this case it originates from the dying
cell; hence the possibility of an extracellular ori-gin
for such content must be considered when
monitoring autophagy in settings where apoptotic
cell death may be rea- sonably expected or
anticipated.

For many physiological and pathological
situations, exami- nation of both early and late
autophagic vacuoles yields valu- able data regarding
the overall autophagy status in the cells.®® Along
these  lines, it is  possible to  use
immunocytochemistry tofollow particular cytosolic
proteins such as SOD1/CuZn super-oxide dismutase
and CA/carbonic anhydrase to determine the stage of
autophagy; the former is much more resistant to lyso-
somal degradation.®’

In some autophagy-inducing conditions it is
possible to observe multi-lamellar membrane
structures in addition to the conventional double-
membrane autophagosomes, although the nature of
these structures is not fully understood. These multi-
lamellar structures may indeed be multiple double
layers of phagophores® and positive for LC3,%° they
could be autolyso- somes,’® or they may form
artifactually during fixation.%®

Special features of the autophagic process may be
clarified by immuno-TEM with gold-labeling,"*"?
using antibodies, for example, to cargo proteins of
cytoplasmic origin and to LC3 to verify the
autophagic nature of the compartment. LC3 immu-
nogold labeling also makes it possible to detect novel
degrada- tive organelles within autophagy
compartments. This is the case with the
autophagoproteasome’® where costaining for LC3
and ubiquitin-proteasome system (UPS) antigens
occurs. The autophagoproteasome consists of single-
, double-, or multiple- membrane LC3-positive
autophagosomes  costaining  for spe- cific
components of the UPS. It may be that a rich multi-
enzy- matic (both autophagic and UPS) activity takes
place within these organelles instead of being
segregated within different cell domains.

Although labeling of LC3 can be difficult, an
increasing number of commercial antibodies are
becoming available, among them good ones to
visualize the GFP moiety of GFP- LC3 reporter
constructs.” It is important to keep in mind that LC3
can be associated with nonautophagic structures (see
Xen- ophagy, and Noncanonical use of autophagy-
related proteins).LC3 is involved in specialized forms
of endocytosis like LC3- associated phagocytosis. In
addition, LC3 can decorate vesicles dedicated to
exocytosis in nonconventional secretion systems
(reviewed in ref. 75,76). Antibodies against an
abundant cyto- solic protein will result in high labeling
all over the cytoplasm; however, organelle markers
work well. Because there are veryfew characterized
proteins that remain associated with the completed
autophagosome, the choices for confirmation of its
autophagic nature are limited. Furthermore,
autophagosome- associated proteins may be cell type-
specific. At any rate, the success of this methodology
depends on the quality of the anti-bodies and also on
the TEM preparation and fixation proce- dures
utilized. With immuno-TEM, authors should provide



controls showing that labeling is specific. This may
require quantitative comparison of labeling over
different cellular com- partments not expected to
contain antigen and those contain- ing the antigen
of interest.

In clinical situations it is difficult to demonstrate
autophagyclearly in tissues of formalin-fixed and
paraffin-embedded biopsy samples retrospectively,
because (1) tissues fixed in for-malin have low or
no LC3 detectable by routine immunostain- ing,
because phospholipids melt together with paraffin
during the sample preparation, and (2) immunogold
electron micros- copy of many tissues not optimally
fixed for this purpose (e.g.,using rapid fixation)
produces low-quality images. Combining antigen
retrieval with the avidin-biotin peroxidase complex
(ABC) method may be quite useful for these
situations. For example, immunohistochemistry
can be performed using an antigen retrieval method,
then tissues are stained by the ABC technique using
a labeled anti-human LC3 antibody. Afterimaging
by light microscopy, the same prepared slides can
be remade into sections for TEM examination,
which can reveal peroxidase reaction deposits in
vacuoles within the region that is LC3-
immunopositive by light microscopy.’” In addition,
sta-tistical information should be provided due to
the necessity of showing only a selective number of
sections in publications.

We note here again that for quantitative data it is
necessary to use proper volumetric analysis rather
than just counting numbers of sectioned objects. On
the one hand, it must be keptin mind that even
volumetric morphometry/stereology only shows
either steady state levels, or a snapshot in a
changing dynamic process. Such data by
themselves are not informative regarding
autophagic flux, unless carried out over multiple
time points. Alternatively, investigation in the
presence and absence of flux inhibitors can reveal
the dynamic changes in various stages of the
autophagic process.'?21787942 On the other hand, if
the turnover of autolysosomes is very rapid, a low
number/volume will not necessarily be an accurate
reflec- tion of low autophagic activity. However,
quantitative analysesindicate that autophagosome
volume in many cases does corre-late with the rates
of protein  degradation.®®? One potential
compromise is to perform whole cell quantification
of autopha- gosomes using fluorescence methods,
with qualitative verifica-tion by TEM,® to show

that the changes in fluorescent puncta reflect
corresponding changes in autophagic structures.

One additional caveat with TEM, and to some
extent with confocal fluorescence microscopy, is that
the analysis of a single plane within a cell can be
misleading and may make the identi- fication of
autophagic structures difficult. Confocal microscopy
and fluorescence microscopy with deconvolution
software (or with much more work, 3-dimensional
TEM) can be used to generate multiple/serial
sections of the same cell to reduce this concern;
however, in many cases where there is sufficient
struc-tural resolution, analysis of a single plane in a
relatively large cell population can suffice given
practical limitations. Newer EM technologies,
including focused ion beam dual-beam EM, should
make it much easier to apply three-dimensional
analy- ses. An additional methodology to assess
autophagosome accu- mulation is correlative light
and electron microscopy (CLEM),which is helpful in
confirming that fluorescent structures are
autophagosomes.84+%  Along these lines, it is
important to note that even though GFP
fluorescence will be quenched in the



Figure 4. Cryoelectron microscopy can be used as a three-dimensional approach to monitor the autophagic process. Two
computed sections of an electron tomogram of the autophagic vacuole-rich cytoplasm in a hemophagocyte of a semi-thin section
after high-pressure freezing preparation. The dashed area is membrane-free (A) but tomography reveals newly formed or
degrading membranes with a parallel stretch (B). Image published previously?'® and provided by M. Schneider and P. Walter.

acidic environment of the autolysosome, some of
the GFPpuncta detected by light microscopy may
correspond to early autolysosomes prior to GFP
quenching. The mini Singlet Oxy- gen Generator
(miniSOG) fluorescent flavoprotein, which is less
than half the size of GFP, provides an additional
means to genetically tag proteins for CLEM analysis
under conditions that are particularly suited to
subsequent TEM analysis.®” Com-binatorial assays
using tandem monomeric red fluorescent pro- tein
(mRFP)-GFP-LC3 (see Tandem mRFP/mCherry-
GFP fluorescence microscopy) along with static TEM
images should help in the analysis of flux and the
visualization of cargostructures.®®

Another technique that has proven quite useful for
analyz- ing the complex membrane structures that
participate in autophagy is 3-dimensional electron
tomography,8 and cry- oelectron microscopy (Fig.
4). More sophisticated, cryo-soft X-ray tomography
(cryo-SXT) is an emerging imaging techniqueused to
visualize autophagosomes.®® Cryo-SXT extracts
ultra- structural information from whole, unstained
mammalian cellsas close to the “near-native” fully-
hydrated (living) state as pos- sible. Correlative
studies combining cryo-fluorescence and cryo-SXT
workflow (cryo-CLXM) have been applied to capture
early autophagosomes.

Finally, although only as an indirect measurement,
the com-parison of the ratio of autophagosomes to

autolysosomes by TEM can support alterations in
autophagy identified by other procedures.®? In this
case it is important to always compare samples to the
control of the same cell type and in the same growth
phase, and to acquire data at different time points, as
the autophagosome/autolysosome ratio varies in time
in a cell context-dependent fashion, depending on their
clearance activ- ity. It may also be necessary to
distinguish autolysosomes from telolysosomes/late
secondary lysosomes (the former are actively engaged in
degradation, whereas the latter have reached an end
point in the breakdown of lumenal contents) because
the lyso- some number generally increases when
autophagy is induced.



An additional category of lysosomal compartments,
especially common in disease states and aged
postmitotic cells such as neurons, is the residual
body. This category includes ceroid andlipofuscin,
lobulated vesicular compartments of varying size
composed of highly indigestible complexes of
protein and lipidand abundant, mostly inactive, acid
hydrolases. Reflecting end-stage unsuccessful
incomplete autolysosomal digestion, lipofuscin is
fairly easily distinguished from AVs and lysosomes
by TEM but can be easily confused with
autolysosomes in immunocytochemistry studies at
the light microscopy level.>’

TEM observations of platinum-carbon replicas
obtained by the freeze fracture technique can also
supply useful ultrastructural information on the
autophagic process. In quickly frozen and fractured
cells the fracture runs preferentially along the
hydro- phobic plane of the membranes, allowing
characterization of the limiting membranes of the
different types of autophagic vacuoles and
visualization of their limited protein intramembrane
particles (IMPs, or integral membrane proteins).
Several studies have been carried out using this
technique on yeast,*® as well as on mamma-lian cells
or tissues; first on mouse exocrine pancreas,® then
onmouse and rat liver,®>% mouse seminal vesicle
epithelium,?>% rattumor and heart,®” or cancer cell
lines (e.g., breast cancer MDA- MB-231)% to
investigate the various phases of autophagosome
maturation, and to reveal useful details about the
origin and evo- lution of their limiting
membranes.599-102

The phagophore and the limiting membranes of
autophago- somes contain few, or no detectable,
IMPs (Fig. 5A, B), when compared to other cellular
membranes and to the membranes oflysosomes. In
subsequent stages of the autophagic process the
fusion of the autophagosome with an endosome and
a lysosomeresults in increased density of IMPs in
the membrane of the formed autophagic
compartments (amphisomes, autolysosomes; Fig.
5C).6:2593-96,103.104 Atolysosomes are delimited by a
single membrane because, in addition to the
engulfed material, the inner membrane is also
degraded by the Iytic enzymes. Similarly, the
limiting membrane of autophagic bodies in yeast
(and



Figure 5. Different autophagic vacuoles observed after freeze fracturing in cultured osteosarcoma cells after treatment with the
autophagy inducer voacamine.'® (A) Early autophagosome delimited by a double membrane. (B) Inner monolayer of an
autophagosome membrane deprived of protein particles. (C) Autolysosome delimited by a single membrane rich in protein
particles. In the cross-fractured portion (on the right) the profile of the single membrane and the inner digested material are easily
visible. Images provided by S. Meschini, M. Condello and A. Giuseppe.

presumably plants) is also quickly broken down
under normal conditions. Autophagic bodies can be
stabilized, however, by the addition of
phenylmethylsulfonylfiuoride (PMSF) or genetically
by the deletion of the yeast PEP4 gene (see The Cvt
pathway,  mitophagy, pexophagy, piecemeal
microautophagy of the nucleus and late nucleophagy
in yeast and filamentous fungi.). Thus, another
method to consider for monitoring autophagy in
yeast (and potentially in plants) is to count autophagic
bodies by TEMusing at least 2 time points.’® The
advantage of this approach isthat it can provide
accurate information on flux even when the
autophagosomes are abnormally small.2%1%7 Thus,
although a high frequency of “abnormal” structures
presents a challenge, TEM is still very helpful in
analyzing autophagy.

Cautionary notes: Despite the introduction of
many new methods TEM maintains its special role in
autophagy research. There are, however, difficulties in
utilizing TEM. It is relatively time consuming, and
needs technical expertise to ensure proper handling
of samples in all stages of preparation from fixation
to sectioning and staining (contrasting). After all
these criteria are met, we face the most important
problem of proper identification of autophagic
structures. This is crucial for both qualitative and
quantitative characterization, and needs con-
siderable experience, even in the case of one cell type.
The diffi- culty lies in the fact that many subcellular
components may be mistaken for autophagic
structures. For example, some authors(or reviewers
of manuscripts) assume that almost all cyto-plasmic
structures that, in the section plane, are surrounded

by

2 (more or less) parallel membranes are
autophagosomes. Structures appearing to be limited by
a double membrane, however, may include swollen
mitochondria, plastids in plant cells, cellular
interdigitations, endocytosed apoptotic bodies, circular
structures of lamellar smooth endoplasmic reticulum
(ER), and even areas surrounded by rough ER.
Endosomes, phagosomes and secretory vacuoles may
have heterogenous content that makes it possible to
confuse them with autolyso- somes. Additional
identification problems may arise from damage caused
by improper sample taking or fixation
artifacts,20,51,108,109

Whereas fixation of in vitro samples is relatively
straight- forward, fixation of excised tissues requires
care to avoid sam- pling a nonrepresentative,
uninformative, or damaged part of



the tissue. For instance, if 95% of a tumor is
necrotic, TEM analysis of the necrotic core may
not be informative, and ifthe sampling is from the
viable rim, this needs to be specified when
reported. Clearly this introduces the potential for
sub- jectivity because reviewers of a paper cannot
request multiple images with a careful statistical
analysis with these types of samples. In addition,
ex vivo samples are not typically ran- domized
during processing, further complicating the
possibil- ity of valid statistical analyses. Ex vivo
tissue should be fixed immediately and
systematically across samples to avoid changes in
autophagy that may occur simply due to the
elapsed time ex vivo. It is recommended that for
tissue sam- ples, perfusion fixation should be used
when possible. Foryeast, rapid freezing techniques
such as high pressure freezing followed by freeze
substitution (i.e., dehydration at low tem- perature)
may be particularly useful.

Quantification of autophagy by TEM
morphometry has been rather controversial, and
unreliable procedures still continue to be used. For
the principles of reliable quantifi- cation and to
avoid misleading results, excellent reviews are
available.!11%112 |n [ine with the basic principles
of mor- phometry we find it necessary to emphasize
here some common problems with regard to
quantification. Counting autophagic vacuole
profiles in sections of cells (i.e., number of
autophagic profiles per cell profile) may give
unreliable results, partly because both cell areas
and profile areas are variable and also because the
frequency of section profiles depends on the size
of the vacuoles. However, estimation of the
number of autophagic profiles per cell area is more
reli- able and correlates well with the volume
fraction  mentioned  below.>® There are
morphometric procedures to measure or estimate
the size range and the number of spherical
objects by profiles in sections;'** however, such
methods have been used in autophagy research
only a few times. 32107113114

Proper morphometry described in the cited
reviews will give us data expressed in mm?®
autophagic vacuole/mm?® cytoplasm for relative
volume (also called volume fractionor volume
density), or mm? autophagic vacuole surface/mm?
cytoplasm for relative surface (surface density).
Examples of actual morphometric measurements
for the characterizationof autophagic processes

can be found in several



articles.2H10811L115.116 1t i appropriate to note here
that a change in the volume fraction of the
autophagic compart- ment may come from 2
sources; from the real growth of itssize in a given
cytoplasmic volume, or from the decrease ofthe
cytoplasmic volume itself. To avoid this so-called
“refer- ence trap,” the reference space volume can
be determined by different methods.t*27 |f
different magnifications are used for measuring the
autophagic vacuoles and the cyto-plasm (which may
be practical when autophagy is less intense)
correction factors should always be used.

In some cases, it may be prudent to employ
tomo- graphic reconstructions of the TEM images
to confirm thatthe autophagic compartments are
spherical and are not being confused with
interdigitations observed between neighboring cells,
endomembrane cisternae or damaged mitochondria
with similar appearance in thin-sections (e.g.,see
ref. 118), but this is obviously a time-consuming
approach requiring sophisticated equipment. In
addition, interpretation of tomographic images can
be problematic. For example, starvation-induced
autophagosomes should contain cytoplasm (i.e.,
cytosol and possibly organelles),  but
autophagosome-related  structures involved in
specific types of autophagy should show the selective
cytoplasmic target, but may be relatively devoid of
bulk cytoplasm. Such processes include selective
peroxisome or mitochon- dria degradation
(pexophagy or mitophagy, respec- tively),}1%1%0
targeted degradation of pathogenic microbes
(xenophagy),'#-1%6 a combination of xenophagy and
stress- induced mitophagy,*?” as well as the yeast
biosynthetic cytoplasm-to-vacuole targeting (Cvt)
pathway.'?®  Further- more, some pathogenic
microbes express membrane-dis- rupting factors
during infection (e.g., phospholipases) that disrupt
the normal double-membrane architecture of auto-
phagosomes.'?® It is not even clear if the sequestering
com- partments used for specific organelle
degradation or xenophagy should be termed
autophagosomes or if alter- nate terms such as
pexophagosome, mitophagosome and
xenophagosome should be used, even though the
mem- brane and mechanisms involved in their
formation may be identical to those for starvation-
induced autophagosomes; for example, the double-
membrane vesicle of the Cvt path- way is referred to
as a Cvt vesicle.’!

The confusion of heterophagic structures with
autophagic ones is a major source of misinterpretation.
A prominent example of this is related to apoptosis.
Apoptotic bodies from neighboring cells are readily
phagocytosed by surviv- ing cells of the same
tissue.1¥2133 Immediately after phago- cytic uptake of
apoptotic bodies, phagosomes may have double
limiting membranes. The inner one is the plasma
membrane of the apoptotic body and the outer one
is that of the phagocytizing cell. The early
heterophagic vacuole formed in this way may appear
similar to an autophago- some or, in a later stage,
an early autolysosome in that itcontains recognizable
or identifiable cytoplasmic material. A major
difference, however, is that the surrounding mem-
branes are the thicker plasma membrane type, rather
than the thinner sequestration membrane type (9-10
nm, versus 7-8 nm, respectively).1% A good feature to
distinguish between autophagosomes and double
plasma membrane-



bound structures is the lack of the distended empty
space (characteristic for the sequestration
membranes of autopha- gosomes) between the 2
membranes of the phagocyticvacuoles. In addition,
engulfed apoptotic bodies usually have a larger
average size than autophagosomes.’3*1® The
problem of heterophagic elements interfering with
the iden- tification of autophagic ones is most
prominent in cell types with particularly intense
heterophagic activity (such as mac- rophages, and
amoeboid or ciliate protists). Special atten- tion
has to be paid to this problem in cell cultures or
in vivo treatments (e.g., with toxic or
chemotherapeutic agents) causing extensive
apoptosis.

The most common organelles confused with
autophagic vacuoles are mitochondria, ER,
endosomes, and also (depending on their structure)
plastids in plants. Due to the cisternal structure of
the ER, double-membrane-like struc- tures
surrounding mitochondria or other organelles are
often observed after sectioning,*®® but these can
also corre- spond to cisternae of the ER coming into
and out of the section plane.®® If there are
ribosomes associated with these membranes they
can help in distinguishing them from theribosome-
free double-membrane of the phagophore and
autophagosome. Observation of a mixture of early
and late autophagic vacuoles that is modulated by
the time point of collection and/or brief pulses of
bafilomycin A; (a vacuolar- type HS-ATPase [V-
ATPase] inhibitor) to trap the cargo in a
recognizable early state*? increases the confidence
that an autophagic process is being observed. In
these cases, how- ever, the possibility that feedback
activation of sequestration gets involved in the
autophagic process has to be carefully considered.
To minimize the impact of errors, exact catego-
rization of autophagic elements should be applied.
Efforts should be made to clarify the nature of
questionable struc-tures by extensive preliminary
comparison in many test areas. Elements that still
remain questionable should be cat- egorized into
special groups and measured separately. Should
their later identification become possible, they
can be added to the proper category or, if not,

kept separate.

For nonspecialists it can be particularly difficult
to distin-

guish among amphisomes, autolysosomes and
lysosomes, which are all single-membrane
compartments containing more or less degraded

material. Therefore, we suggest in general to measure
autophagosomes as a separate category for a start,
and to compile another category of degradative

compartments (including amphisomes,
autolysosomes and lysosomes). All of these
compartments increase in quantity upon true

autophagy induction; however, in pathological
states, it may be informa- tive to discriminate among
these different forms of degradative compartments,
which may be differentially affected by disease
factors.

In yeast, it is convenient to identify autophagic
bodies that reside within the vacuole lumen, and
to quantifythem as an alternative to the direct
examination of autopha- gosomes. However, it is
important to keep in mind that itmay not be
possible to distinguish between autophagic bod-ies
that are derived from the fusion of
autophagosomes with the vacuole, and the single-
membrane vesicles that are generated during
microautophagy-like processes such as
micropexophagy and micromitophagy.



Conclusion: EM is an extremely informative and
powerful method for monitoring autophagy and
remains the only techniquethat shows autophagy in its
complex cellular environment with subcellular
resolution. The cornerstone of successfully using TEM
is the proper identification of autophagic structures,
which is also the prerequisite to get reliable
quantitative results by EM mor- phometry. EM is best
used in combination with other methods toensure the
complex and holistic approach that is becoming
increasingly necessary for further progress in autophagy
research.

2. Atg8/LC3 detection and quantification

Atg8/LC3 is the most widely monitored autophagy-
related pro-tein. In this section we describe multiple
assays that utilize this protein, separating the
descriptions into several subsections for ease of
discussion.

a. Western blotting and ubiquitin-like protein
conjugationsystems
The Atg8/LC3 protein is a ubiquitin-like protein that
can be conjugated to PE (and possibly to
phosphatidylserine!®’). In yeast and several other
organisms, the conjugated form is referred to as
Atg8-PE. The mammalian homologs of Atg8
constitute a family of proteins subdivided in 2 major
subfami- lies: MAP1LC3/LC3 and GABARAP. The
former consists of LC3A, B, B2 and C, whereas the
latter family includes GABARAP, GABARAPL1 and
GABARAPL2/GATE-16.1
After cleavage of the precursor protein mostly by the
cysteine protease ATG4B,°%0 the nonlipidated
and lipidated forms are usually referred to
respectively as LC3-land LC3-11, or GABARAP and
GABARAP-PE, etc. The PE-conjugated form of
Atg8/LC3, although larger in mass, shows faster
electropho- retic mobility in SDS-PAGE gels,
probably as a consequence of increased
hydrophobicity. The positions of both Atg8/LC3-I
(approximately 16-18 kDa) and Atg8-PE/LC3-II
(approxi-mately 14-16 kDa) should be indicated on
western blots when-ever both are detectable. The
differences among the LC3 proteins with regard to
function and tissue-specific expression are not
known. Therefore, it is important to indicate the iso-
form being analyzed just as it is for the GABARAP
subfamily.

The mammalian Atg8 homologs share from 29%

to 94% sequence identity with the yeast protein and
have all, apart from GABARAPLS3, been demonstrated
to be involved in auto-phagosome biogenesis.**! The
LC3 proteins are involved in phagophore formation,
with participation of GABARAP sub- family members
in later stages of autophagosome formation, in
particular phagophore elongation and closure.!*? Some
evi-dence, however, suggests that at least in certain
cell types the LC3 subfamily may be dispensable for
bulk autophagic seques-tration of cytosolic proteins,
whereas the GABARAP subfamily is absolutely
required.*® Due to unique features in their molec-ular
surface charge distribution,'** emerging evidence
indicates that LC3 and GABARAP proteins may be
involved in recogniz-ing distinct sets of cargoes for
selective autophagy.!*>*" Never- theless, in most
published studies, LC3 has been the primary Atg8
homolog examined in mammalian cells and the one
that is typically characterized as an autophagosome
marker per se. Note that although this protein is
referred to as “Atg8” in many other systems, we
primarily refer to it here as LC3 to



distinguish it from the yeast protein and from the
GABARAP subfamily. LC3, like the other Atg8
homologs, is initially syn- thesized in an
unprocessed form, proLC3, which is converted into
a proteolytically processed form lacking amino
acids fromthe C terminus, LC3-1, and is finally
modified into the PE-con- jugated form, LC3-II
(Fig. 6). Atg8—PE/LC3-1l is the only pro- tein
marker that is reliably associated with completed
autophagosomes, but is also localized to
phagophores. In yeast, Atg8 amounts increase at
least 10-fold when autophagy is induced.'® In
mammalian cells, however, the total levels of LC3
do not necessarily change in a predictable manner,
as theremay be increases in the conversion of LC3-
I to LC3-II, or a decrease in LC3-11 relative to LC3-I
if degradation of LC3-1I via lysosomal turnover is
particularly rapid (this can also be a con-cern in
yeast with regard to vacuolar turnover of Atg8—PE).
Both of these events can be seen sequentially in
several cell types as a response to total nutrient and
serum starvation. In cells of neuronal origin a high
ratio of LC3-I to LC3-II is a com-mon finding.4
For instance, SH-SY5Y neuroblastoma cell lines
display only a slight increase of LC3-Il after
nutrient dep- rivation, whereas LC3-l is clearly
reduced. This is likely related to a high basal
autophagic flux, as suggested by the higher increase
in LC3-11 when cells are treated with NH4Cl,%0:152
although cell-specific differences in transcriptional
regulation of LC3 may also play a role. In fact
stimuli or stress that inhibit transcription or
translation of LC3 might actually be misinter-
preted as inhibition of autophagy. Importantly, in
brain tissue, LC3-I is much more abundant than
LC3-1l and the latter form is most easily discernable
in enriched fractions of autophago- somes,
autolysosomes and ER, and may be more difficult
to detect in crude homogenate or cytosol.*>? Indeed,
when brain crude homogenate is run in parallel to a
crude liver fraction, both LC3-I1 and LC3-1l are
observed in the liver, but only LC3-1 may be
discernible in brain homogenate (L. Toker and G.
Agam, personal communication), depending on the
LC3 anti- body used.® In studies of the brain,
immunoblot analysis of the membrane and cytosol
fraction from a cell lysate, upon appropriate loading
of samples to achieve quantifiable andcomparative
signals, can be useful to measure LC3 isoforms.
The pattern of LC3-1 to LC3-11 conversion seems
not only to be cell specific, but also related to the

kind of stress towhich cells are subjected. For
example, SH-SY5Y cells displaya strong increase of
LC3-1l when treated with the mitochon- drial
uncoupler CCCP, a well-known inducer of
mitophagy (although it has also been reported that
CCCP may actually inhibit mitophagy®*). Thus,
neither assessment of LC3-1 con- sumption nor the
evaluation of LC3-11 levels would necessarilyreveal
a slight induction of autophagy (e.g., by rapamycin).
Also, there is not always a clear precursor/product
relationshipbetween LC3-1 and LC3-II, because the
conversion of the for- mer to the latter is cell type-
specific and dependent on the treatment used to
induce autophagy. Accumulation of LC3-Il can be
obtained by interrupting the autophagosome-
lysosome fusion step (e.g., by depolymerizing
acetylated microtubules with vinblastine), by
inhibiting the ATP2A/SERCA Ca’*® pump, by
specifically inhibiting the V-ATPase with bafilomy-
cin A 15157 or by raising the lysosomal pH by the
addition of chloroquine, 8% although some of these
treatments may increase autophagosome numbers by
disrupting the lysosome-



dependent activation of MTOR (mechanistic target
of rapamy-cin [serine/threonine kinase] complex 1
[MTORC1; note that the original term “mTOR” was
named to distinguish the “mammalian” target of
rapamycin from the yeast proteins'®], a major
suppressor of autophagy induction),61162 or py

inhibiting lysosome-mediated proteolysis (e.g., with
a cysteine protease inhibitor such as E-64d, the
aspartic protease inhibi- tor pepstatin A, the cysteine,
serine and threonine protease inhibitor leupeptin or
treatment  with  bafilomycin ~ A;, NH4Cl or
chloroquine!®163.164) "Western blotting can be used
to
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monitor changes in LC3 amounts (Fig. 6);261%
however, even if the total amount of LC3 does
increase, the magnitude of the response is generally
less than that documented in yeast. It is worth noting
that since the conjugated forms of the GABARAP
subfamily members are usually undetectable with-
out induction of autophagy in mammalian and other
verte- brate cells,'%®%7 these proteins might be more
suitable than LC3 to study and quantify subtle
changes in autophagy induction.

In most organisms, Atg8/LC3 is initially
synthesized with a C-terminal extension that is
removed by the Atg4 protease. Accordingly, it is
possible to use this processing event to moni-tor Atg4
activity. For example, when GFP is fused at the C ter-
minus of Atg8 (Atg8-GFP), the GFP moiety is
removed in the cytosol to generate free Atg8 and
GFP. This processing can be easily monitored by
western blot.*®® It is also possible to use assays with
an artificial fluorogenic substrate, or a fusion of
LC3B to phospholipase A2 that allows the release of
the activephospholipase for a subsequent fluorogenic
assay, ' and there is a fluorescence resonance energy
transfer (FRET)-based assayutilizing CFP and YFP
tagged versions of LC3B and GABA-
RAPL2/GATE-16 that can be used for high-
throughput screen-ing.1’® Another method to monitor
ATG4 activity in vivo uses the release of Gaussia
luciferase from the C terminus of LC3 that is tethered
to actin.'™* Note that there are 4 Atg4 homologsin
mammals, and they have different activities with
regard to the Atg8 subfamilies of proteins.t’? ATG4A
is able to cleave the GABARAP subfamily, but has
very limited activity toward the LC3 subfamily,
whereas ATG4B is apparently active against most or
all of these proteins.t3¥10 The ATG4C and ATG4D
isoforms have minimal activity for any of the Atg8
homologs. In particular because a C-terminal fusion
will be cleaved imme-diately by Atg4, researchers
should be careful to specify whether they are using
GFP-Atg8/LC3 (an N-terminal fusion, which can be
used to monitor various steps of autophagy) or
Atg8/LC3-GFP (a C-terminal fusion, which can only
be used tomonitor Atg4 activity).*”

Cautionary notes: There are several important
caveats to using Atg8/LC3-11 or GABARAP-II to
visualize fluctuations inautophagy. First, changes in
LC3-1l amounts are tissue- and cell context-
dependent.®1"* Indeed, in some cases, autopha-
gosome accumulation detected by TEM does not

correlate wellwith the amount of LC3-11 (Z. Talloczy,
R.L.A. de Vries, and



D. Sulzer, unpublished results; E.-L. Eskelinen,
unpublished results). This is particularly evident in
those cells that show lowlevels of LC3-11 (based on
western blotting) because of an intense autophagic
flux that consumes this protein,’”® or in celllines
having high levels of LC3-11 that are tumor-derived,
suchas MDA-MB-231.1* Conversely, without careful
quantification the detectable formation of LC3-11 is
not sufficient evidence forautophagy. For example,
homozygous deletion of Becn1 does not prevent the
formation of LC3-1l in embryonic stem cells even
though autophagy is substantially reduced, whereas
dele-tion of Atg5 results in the complete absence
of LC3-11 (seeFig. 5A and supplemental data in ref.
176). The same is true forthe generation of Atg8-
PE in yeast in the absence of VPS30/ ATG6 (see Fig.
7inref. 177). Thus, it is important to rememberthat
not all of the autophagy-related proteins are
required for Atg8/LC3 processing, including
lipidation.!’” Vagaries in the detection and amounts
of LC3-1 versus LC3-lII present techni- cal
problems. For example, LC3-1 is very abundant in
brain tis-sue, and the intensity of the LC3-1 band
may obscure detection of LC3-1l, unless the
polyacrylamide crosslinking density is optimized,
or the membrane fraction of LC3 is first separated

cell lines havemuch less visible LC3-1 compared to
LC3-II. In addition, tis- sues may have asynchronous
and heterogeneous cell popula- tions, and this
variability may present challenges when analyzing
LC3 by western blotting.

Second, LC3-1I also associates with the
membranes of non- autophagic structures. For
example, some members of the PCDHGC/g-
protocadherin family undergo clustering to form
intracellular tubules that emanate from lysosomes.'’8
LC3-Il isrecruited to these tubules, where it appears
to promote or sta- bilize membrane expansion.
Furthermore, LC3 can be recruited directly to
apoptotic cell-containing phagosome
membranes, 79180 macropinosomes,’® the
parasitophorous vacuole of Toxoplasma gondii,8
and single-membrane entoticvacuoles,!” as well as
to bacteria-containing phagosome mem- branes
under certain immune activating conditions, for
exam- ple, toll-like receptor (TLR)-mediated
stimulation in LC3-associated phagocytosis.'8183
Importantly, LC3 is involved in secretory trafficking
as it has been associated with secretory granules in
mast cells*®* and PC12 hormone-secret- ing cells.'®
LC3 is also detected on secretory lysosomes in
osteoblasts!® and in amphisome-like structures

from the cytosolic fraction.** Conversely, certain  involved in

Figure 6. (See previous page for Figure 6.) LC3-1 conversion and LC3-11 turnover. (A) Expression levels of LC3-I and LC3-II
during starvation. Atg5%/ (wild-type) and atg5” MEFs were cultured in DMEM without amino acids and serum for the indicated
times, and then subjected to immunoblot analysis using anti-LC3 antibody and anti-tubulin antibody. E-64d (10 mg/ml) and
pepstatin A (10 mg/ml) were added to the medium where indicated. Positions of LC3-1 and LC3-11 are marked. The inclusionof
lysosomal protease inhibitors reveals that the apparent decrease in LC3-11 is due to lysosomal degradation as easily seen by
comparing samples with and without inhib-

itors at the same time points (the overall decrease seen in the presence of inhibitors may reflect decreasing effectiveness of the
inhibitors over time). Monitoring auto- phagy by following steady state amounts of LC3-11 without including inhibitors in the
analysis can result in an incorrect interpretation that autophagy is not taking place

(due to the apparent absence of LC3-11). Conversely, if there are high levels of LC3-11 but there is no change in the presence of
inhibitors, this may indicate that inductionhas occurred but that the final steps of autophagy are blocked, resulting in stabilization
of this protein. This figure was modified from data previously published in ref. 26,and is reproduced by permission of Landes
Bioscience, copyrlght 2007 (B) Lysates of 4 human adipose tissue biopsies were resolved on 2-12% polyacrylamide gels, as
described preV|oust " Proteins were transferred in parallel to either a PVDF or a nitrocellulose membrane, and blotted with
anti-LC3 antibody, and then identified by reacting the membranes with an HRP-conjugated anti-rabbit IgG antlbody, followed
by ECL. The LC3-II/LC3-1 ratio was calculated based on densitometry analysis of hothbands. ©,P < 0.05. (C) HEK 293 and
HeLa cells were cultured in nutrient-rich medium (DMEM containing 10% fetal calf serum) or incubated for 4 h in starvation
conditions(Krebs-Ringer medium) in the absence ( ) or presence () of E-64d and pepstatin at 10 mg/ml each (Inhibitors). Cells
were then lysed and the proteins resolved by SDS-

PAGE. Endogenous LC3 was detected by immunoblotting. Positions of LC3-1 and LC3-11 are indicated. In the absence of
lysosomal protease inhibitors, starvation results ina modest increase (HEK 293 cells) or even a decrease (HeLa cells) in the
amount of LC3-II. The use of inhibitors reveals that this apparent decrease is due to lysosome- dependent degradation. This
figure was modified from data previously published in ref. 174, and is reproduced by permission of Landes Bioscience, copyright
2005. (D) Sequence and schematic representation of the different forms of LC3B. The sequence for the nascent (proLC3) from
mouse is shown. The glycine at position 120 indicates

the cleavage site for ATG4. After this cleavage, the truncated LC3 is referred to as LC3-1, which is still a soluble form of the



protein. Conjugation to PE generates the mem-brane-associated LC3-11 form (equivalent to Atg8—PE).



mucin secretion by goblet cells.'®” Therefore, in
studies ofinfection of mammalian cells by bacterial
pathogens, the iden- tity of the LC3-1l1 labeled
compartment as an autophagosome should be
confirmed by a second method, such as TEM. It is
also worth noting that autophagy induced in response
to bac- terial infection is not directed solely against
the bacteria but can also be a response to remnants of
the phagocytic mem- brane.’®® Similar cautions
apply with regard to viral infection. For example,
coronaviruses induce autophagosomes during
infection through the expression of nsp6; however,
coronavi- ruses also induce the formation of double-
membrane vesicles that are coated with LC3-I, the
nonlipidated form of LC3 that plays an autophagy-
independent role in viral replication.*®%1% Similarly,
nonlipidated LC3 marks replication complexes in
flavivirus (Japanese encephalitis virus)-infected cells
and is essential for viral replication.'®* Along these
lines, during her- pes simplex virus type 1 (HSV-1)
infection, an LC3C autopha-gosome-like organelle
that is derived from nuclear membranes and that
contains viral proteins is observed,'2 whereas influ-
enza A virus directs LC3 to the plasma membrane via
a LC3- interacting region (LIR) motif in its M2
protein.'®® Moreover, in vivo studies have shown that
coxsackievirus (an enterovi- rus) induces formation
of autophagy-like vesicles in pancreaticacinar cells,
together with extremely large autophagy-related
compartments  that have been termed
megaphagosomes;** the absence of ATG5 disrupts
viral replication and prevents the formation of these

structures.1%

Third, caution must be exercised in general when
evaluating

LC3 by western blotting, and appropriate
standardization con- trols are necessary. For
example, LC3-1 may be less sensitive todetection by
certain anti-LC3 antibodies. Moreover, LC3-I is
more labile than LC3-Il, being more sensitive to
freezing-thaw-ing and to degradation in SDS sample
buffer. Therefore, fresh samples should be boiled and
assessed as soon as possible and should not be
subjected to repeated freeze-thaw cycles. Alterna-
tively, trichloroacetic acid precipitation of protein
from fresh cell homogenates can be used to protect
against degradation ofLC3 by proteases that may be
present in the sample. A general point to consider
when examining transfected cells concerns the
efficiency of transfection. A western blot will detect

LC3 inthe entire cell population, including those that
are not trans- fected. Thus, if transfection efficiency is
too low, it may be nec-essary to use methods, such as
fluorescence microscopy, that allow autophagy to be
monitored in single cells. The critical point is that the
analysis of the gel shift of transfected LC3 or GFP-
LC3 can be employed to follow LC3 lipidation only in
highly transfectable cells.**

When dealing with animal tissues, western blotting
of LC3 should be performed on frozen biopsy samples
homogenized in the presence of general protease
inhibitors (C. Isidoro, personal communication; see
also Human).'®” Caveats regarding detec- tion of LC3
by western blotting have been covered in a review.?® For
example, PVDF membranes may result in a stronger
LC3- Il retention than nitrocellulose membranes,
possibly due to a higher affinity for hydrophobic
proteins (Fig. 6B; J. Kovsan and
A. Rudich, personal communication), and Triton X-
100 may not efficiently solubilize LC3-1l in some
systems.'®® Heating inthe presence of 1% SDS, or
analysis of membrane fractions,** may assist in the
detection of the lipidated form of this protein.



This observation is particularly relevant for cells
with a high nucleocytoplasmic ratio, such as
lymphocytes. Under theseconstraints, direct lysis in
Laemmli loading buffer, containing SDS, just
before heating, greatly improves LC3 detection on
PVDF membranes, especially when working with a
small num- ber of cells (F. Gros, unpublished
observations).**® Analysis ofa membrane fraction is
particularly useful for brain where lev- els of
soluble LC3-I greatly exceed the level of LC3-I1.

One of the most important issues is the
quantification of changes in LC3-Il, because this
assay is one of the most widelyused in the field and
is often prone to misinterpretation. Levelsof LC3-11
should be compared to actin (e.g., ACTB), but not
toLC3-1 (see the caveat in the next paragraph), and,
ideally, to more than one “housekeeping” protein
(HKP). Actin and other HKPs are usually abundant
and can easily be overloaded on thegel?® such that
they are not detected within a linear range.
Moreover, actin levels may decrease when autophagy
is induced in many organisms from yeast to
mammals. For any proteins used as “loading
controls” (including actin, tubulin and GAPDH)
multiple exposures of the western blot are generally
necessary to ensure that the signals are detected in
the linear range. An alternative approach is to stain
for total cellular pro-teins with Coomassie Brilliant
Blue and Ponceau Red,?®! but these methods are
generally less sensitive and may not reveal small
differences in protein loading. Stain-Free gels,
which alsostain for total cellular proteins, have been
shown to be an excel-lent alternative to HKPs.2%

It is important to realize that ignoring the level of
LC3-1 in favor of LC3-1l normalized to HKPs may
not provide the full picture of the cellular
autophagic response.®32% For example, in aging
skeletal muscle the increase in LC3-I is at least as
important as that for LC3-11.2°42% Quantification of
both iso- forms is therefore informative, but
requires adequate condi- tions of electrophoretic
separation. This is particularly important for
samples where the amount of LC3-1 is high rela-
tive to LC3-11 (as in brain tissues, where the LC3-I
signal can be overwhelming). Under such a
scenario, it may be helpful touse gradient gels to
increase the separation of LC3-1 from LC3-11 and/or
cut away the part of the blot with LC3-I prior to the
detection of LC3-1l. Furthermore, since the
dynamic range of LC3 immunoblots is generally
quite limited, it is imperative that other assays be

used in parallel in order to draw valid con-clusions
about changes in autophagy activity.

Fourth, in mammalian cells LC3 is expressed as
multiple isoforms (LC3A, LC3B, LC3B2 and
LC3C206207) - which exhibit different tissue
distributions and whose functions are still poorly
understood. A point of caution along theselines is
that the increase in LC3A-II versus LC3B-I1I levels
may not display equivalent changes in all organisms
under autophagy-inducing conditions, and it should
not be assumed that LC3B is the optimal protein
to monitor.2% Akey technical consideration is that
the isoforms may exhibit different specificities for
antisera or antibodies. Thus, it is highly
recommended that investigators report exactly the
source and catalog number of the antibodies used
to detectLC3 as this might help avoid discrepancies
between studies. The commercialized anti-LC3B
antibodies also recognize LC3A, but do not
recognize LC3C, which shares less sequence
homology. It is important to note that LC3C



possesses in its primary amino acid sequence the
DYKD motif that is recognized with a high affinity
by anti-FLAG antibodies. Thus, the standard anti-
FLAG M2 antibody can  detect and
immunoprecipitate  overexpressed LC3C, and
caution has to be taken in experiments using FLAG-
tagged proteins (M. Biard-Piechaczyk and L. Espert,
personal com- munication). Note that according to
Ensembl there is no LC3C in mouse or rat.

In addition, it is important to keep in mind the
other sub- family of Atg8 proteins, the GABARAP
subfamily (see above).}4120° Certain types of
mitophagy induced by BNIP3L/ NIX are highly
dependent on GABARAP and less dependent on

LC3 proteins.?%2t  Furthermore, commercial
antibodies for GABARAPL1 also recognize
GABARAP, 8143 which  might lead to

misinterpretation of experiments, in particular those
using immunohistochemical techniques. Sometimes
the prob- lem with cross-reactivity of the anti-
GABARAPL1 antibody can be overcome when
analyzing these proteins by western blotbecause the
isoforms can be resolved during SDS-PAGE using
high concentration (15%) gels, as GABARAP
migrates faster than GABARAPL1 (M. Boyer-
Guittaut, personal communica-tion; also see Fig. S4
in ref. 143). Because GABARAP and GABARAPL1
can both be proteolytically processed and lipi- dated,
generating GABARAP-1 or GABARAPL1-l and
GABARAP-II or GABARAPL1-II, respectively, this
may leadto a misassignment of the different bands.
As soon as highly specific antibodies that are able to
discriminate between GABARAP and
GABARAPL1 become available, we strongly advise
their use; until then, we advise caution in interpreting
results based on the detection of these proteins by
western blot. Antibody specificity can be assessed
after complete inhibition of GABARAP (or any other
Atg8 family protein) expression by RNA
interference.*31%7 In general, we advise caution in
choos- ing antibodies for western blotting and
immunofluorescence experiments and in interpreting
results based on stated affini- ties of antibodies unless
these have been clearly determined. As with any
western blot, proper methods of quantification must
be used, which are, unfortunately, often not well
disseminated; readers are referred to an excellent
paper on this subject (see ref. 212). Unlike the other
members of the GABARAP family, almost no
information is available on GABARAPLS3, perhaps

because it is not yet possible to differentiate between
GABA- RAPL1 and GABARAPLS3 proteins, which
have 94% identity. As stated by the laboratory that
described the cloning of the human GABARAPLL1 and
GABARAPL3 genes,?® their expres- sion patterns are
apparently identical. It is worth noting that
GABARAPL3 is the only gene of the GABARAP
subfamily thatseems to lack an ortholog in mice.?®
GABARAPL3 might therefore be considered as a
pseudogene without an intron thatis derived from
GABARAPL1. Hence, until new data are pub- lished,
GABARAPL3 should not be considered as the fourth
member of the GABARAP family.

Fifth, in non-mammalian species, the discrimination
of Atg8-PE from the nonlipidated form can be
complicated by their nearly identical SDS-PAGE
mobilities and the presence ofmultiple isoforms (e.g.,
there are 9 in Arabidopsis). In yeast, it is possible to
resolve Atg8 (the nonlipidated form) from Atg8—PE by
including 6 M urea in the SDS-PAGE separating gel,?*3
or by using a 15% resolving gel without urea (F.
Reggiori,



personal ~ communication).  Similarly, urea
combined with priortreatment of the samples with
(or without) phospholipase D (that will remove the
PE moiety) can often resolve the ATG8 species in
plants.?*4215 |t is also possible to label cells with
radioactive ethanolamine, followed by
autoradiography to iden-tify Atg8-PE, and a C-
terminal peptide can be analyzed by mass
spectrometry to identify the lipid modification at
the ter- minal glycine residue. Special treatments
are not needed for the separation of mammalian
LC3-1 from LC3-1I.

Sixth, it is important to keep in mind that ATGS,
and to a lesser extent LC3, undergoes substantial
transcriptional and posttranscriptional regulation.
Accordingly, to obtain an accu- rate interpretation
of Atg8/LC3 protein levels it is also neces- sary to
monitor the mMRNA levels. Without analyzing the
corresponding mRNA it is not possible to
discriminate between changes that are strictly
reflected in altered amounts of protein versus those
that are due to changes in transcription (e.g., the
rate of transcription, or the stability of the
message). For exam-ple, in cells treated with the
calcium ionophore A23187 or the ER calcium
pump blocker thapsigargin, an obvious correlation
is found between the time-dependent increases in
LC3B-I and LC3B-II protein levels, as well as with
the observed increase in LC3B mRNA levels.?
Clinically, in human adipose tissue, pro- tein and
MRNA levels of LC3 in omental fat are similarly
ele- vated in obese compared to lean individuals.?*’

Seventh, LC3-I can be fully degraded by the 20S
proteasomeor, more problematically, processed to
a form appearing equal in size to LC3-1l on a
western blot (LC3-T); LC3-T was identi-fied in
HeLa cells and is devoid of the ubiquitin
conjugation domain, thus lacking its adaptor
function for autophagy.?

Eighth, a general issue when working with cell

lines is thatwe recommend that validation be
performed to verify the cellline(s) being used,
and to verify the presence of genetic altera-tions
as appropriate. Depending on the goal (e.g., to
indicategeneral applicability of a particular
treatment) it may be impor-tant to use more than
one cell line to confirm the results. It isalso
critical to test for mycoplasma because the
presence of thiscontaminant can significantly
alter the results with regard toany autophagic
response. For these reasons, we also recom-

mend the use of low passage numbers for
nonprimary cells orcell lines (no more than 40
passages or 6 months after thawing).Finally, we
would like to point out that one general issue with
regard to any assay is that experimental
manipulationcould introduce some type of stress—
for example, mechanicalstress due to lysis,
temperature stress due to heating or coolinga
sample, or oxidative stress on a microscope slide,
whichcould lead to potential artifacts including the
induction ofautophagy—even maintaining cells in
higher than physiologi-cally normal oxygen levels
can be a stress condition.?'® Specialcare should be
taken with cells in suspension, as the stress
resulting from centrifugation can induce autophagy.
This pointis not intended to limit the use of any
specific methodology,but rather to note that there
are no perfect assays. Therefore, itis important to
verify that the positive (e.g., treatment with
rapamycin, torinl or other inducers) and negative
(e.g., inhibi-tor treatment) controls behave as
expected in any assays beingutilized. Similarly,
plasmid transfection or nucleofection canresult in
the potent induction of autophagy (based on
increasesin LC3-11 or SQSTM1/p62 degradation). In
some cell types, the



amount of autophagy induced by transfection of a
controlempty vector may be so high that it is virtually
impossible to examine the effect of enforced gene
expression on autophagy (B. Levine, personal
communication). It is thus advisable to perform time
course experiments to determine when the trans-
fection effect returns to acceptably low levels and to
use appro-priate time-matched transfection controls
(see also the discussion in GFP-Atg8/LC3
fluorescence microscopy). This effect is generally
not observed with siRNA transfection; how-ever, it
iIs an issue for plasmid expression constructs
including those for shRNA and for viral delivery
systems. The use of endotoxin-free DNA reduces,
but does not eliminate, this prob-lem. In many cells
the cationic polymers used for DNA trans- fection,
such as liposomes and polyplex, induce large
tubulovesicular autophagosomes (TVAs) in the
absence of DNA.?? These structures accumulate
SQSTM1 and fuse slowly with lysosomes.
Interestingly, these TVAs appear to reduce gene
delivery, which increases 8-10 fold in cells that are
unableto make TVAs due to the absence of ATG5.
Finally, the precise composition of media
components and the density of cells in culture can
have profound effects on basal autophagy levels and
may need to be modified empirically depending on
the celllines being used. Along these lines various
types of media, in particular those with different
serum levels (ranging from 0-15%), may have
profound effects with regard to how cells (or organs)
perceive a fed versus starved state. For example,
normal serum contains significant levels of cytokines
and hor- mones that likely regulate the basal levels
of autophagy; thus, the use of dialyzed serum might
be an alternative for thesestudies. In addition, the
amino acid composition of the medium/assay buffer
may have profound effects on initiation or
progression of autophagy. For example, in the
protozoan parasite Trypanosoma brucei starvation-
induced autophagy can be prevented by addition of
histidine to the incubation buffer.??! For these
reasons, the cell culture conditionsshould be fully
described. It is also important to specify dura- tion of
autophagy stimulation, as long-term autophagy can
modify signal transduction pathways of importance

in cellsurvival.???
Conclusion: Atg8/LC3 is often an excellent
marker for auto-

phagic structures; however, it must be kept in mind

that there are multiple LC3 isoforms, there is a second
family of mamma- lian Atg8-like proteins
(GABARAPs), and antibody affinity (for LC3-1 versus
LC3-1I) and specificity (for example, for LC3A versus
LC3B) must be considered and/or determined.
Moreover, LC3 levels on their own do not address
issues of autophagic flux. Finally, even when flux
assays are carried out, there is a problem with the
limited dynamic range of LC3 immunoblots;
accordingly, this method should not be used by itself
to analyze changes in autophagy.

b. Turnover of LC3-11/Atg8—PE

Autophagic flux is often inferred on the basis of LC3-
I turn- over, measured by western blot (Fig. 6C)'"* in
the presence andabsence of lysosomal, or vacuolar
degradation. However, it should be cautioned that such
LC3 assays are merely indicative of autophagic
“carrier flux”, not of actual autophagic cargo/sub-
strate flux. It has, in fact, been observed that in rat
hepatocytes,an autophagic-lysosomal flux of LC3-II
can take place in the



absence of an accompanying flux of cytosolic bulk
cargo.??® The relevant parameter in LC3 assays is
the difference in the amount of LC3-Il in the
presence and absence of saturating lev- els of
inhibitors, which can be used to examine the transit
of LC3-II through the autophagic pathway; if flux
is occurring, the amount of LC3-11 will be higher in
the presence of the inhibitor.!™* Lysosomal
degradation can be prevented through the use of
protease inhibitors (e.g., pepstatin A, leupeptin and
E-64d), compounds that neutralize the lysosomal
pH such as bafilomycin Aji, chloroquine or
NH,Cl,16:149,158.164.224.225 o hyy treatment with agents
that block the fusion of autophagosomes with
lysosomes (note that bafilomycin A1 will ultimately
causea fusion block as well as neutralize the pH,*®
but the inhibitionof fusion may be due to a block in
ATP2A/SERCA activ- ity?26),155-157.227
Alternatively, knocking down or knocking out
LAMP2 (lysosomal-associated membrane protein
2) representsa genetic approach to block the fusion
of autophagosomes and lysosomes (for example,
inhibiting LAMP2 in myeloid leuke- mic cells
results in a marked increase of GFP-LC3 dots and
endogenous LC3-11 protein compared to control
cells upon autophagy induction during myeloid
differentiation [M.P. Tschan, unpublished data]).??®
This approach, however, is only valid when the
knockdown of LAMP2 is directed against the
mRNA region specific for the LAMP2B spliced
variant, as tar- geting the region common to the 3
variants would also inhibit chaperone-mediated
autophagy, which may result in the com- pensatory
upregulation of macroautophagy. 2229230

Increased levels of LC3-II in the presence of
lysosomal inhi- bition or interfering with
autophagosome-lysosome fusion alone (e.g., with
bafilomycin A1) may be indicative of auto- phagic
carrier flux (to the stage of cargo reaching the lyso-
some), but to assess whether a particular treatment
alters complete autophagic flux through substrate
digestion, the treat-ment plus bafilomycin Ay must
be compared with results obtained with treatment
alone as well as with bafilomycin A alone. An
additive or supra-additive effect in LC3-II levels
mayindicate that the treatment enhances autophagic
flux (Fig. 6C). Moreover, higher LC3-11 levels with
treatment plus bafilomycin A1 compared to
bafilomycin A: alone may indicate that the
treatment increases the synthesis of autophagy-
related mem- branes. If the treatment by itself

increases LC3-1l levels, but the treatment plus
bafilomycin A1 does not increase LC3-II levels
compared to bafilomycin A; alone, this may indicate
that the treatment induced a partial block in
autophagic flux. Thus, a treatment condition
increasing LC3-11 on its own that has no difference
in LC3-II in the presence of bafilomycin A; com-
pared to treatment alone may suggest a complete
block inautophagy at the terminal stages.?3! This
procedure has been validated with several autophagy
modulators.?®> With each of these techniques, it is
essential to avoid assay saturation. The duration of
the bafilomycin A1 treatment (or any other inhibi- tor
of autophagic flux such as chloroquine) needs to be
rela- tively short (1-4 h)?* to allow comparisons of
the amount of LC3 that is lysosomally degraded over a
given time frame under one treatment condition to
another treatment condition. A dose-curve and time-
course standardization for the use of auto-phagic flux
inhibitors is required for the initial optimization of
the conditions to detect LC3-Il1 accumulation and
avoid non- specific or secondary effects. By using a
rapid screening



approach, such as a colorimetric-based platform
method,?%* itis possible to monitor a long time frame
for autolysosome accu- mulation, which closely
associates with autophagy efficiency.?® Positive
control experiments using treatment with known
autophagy inducers, along with bafilomycin Aj
versus vehicle, are important to demonstrate the
utility of this approach in each experimental context.
The same type of assay monitoringthe turnover of
Atg8-PE can be used to monitor flux in yeast, by
comparing the amount of Atg8 present in a wild-type
versus a pepdD strain following autophagy
induction;?® however, it isimportant to be aware that
the PEP4 knockout can influence yeast -cell
physiology. PMSF, which inhibits the activity of Prb1,
can also be used to block Atg8—PE turnover.

An additional methodology for monitoring
autophagy relieson the observation that in some cell
types a subpopulation of LC3-1I exists in a cytosolic
form (LC3-11s).23-2%° The amount of cytosolic LC3-
Ils and the ratio between LC3-I and LC3-IIs appears
to correlate with changes in autophagy and may pro-
vide a more accurate measure of autophagic flux than
ratios based on the total level of LC3-11.2° The
validity of this method has been demonstrated by
comparing autophagic proteolytic flux in rat
hepatocytes, hepatoma cells and myoblasts. One
advantage of this approach is that it does not require
the pres- ence of autophagic or lysosomal inhibitors
to block the degra- dation of LC3-11.

Due to the advances in time-lapse fluorescence
microscopy and the development of photoswitchable
fluorescent proteins, autophagic flux can also be
monitored by assessing the half-life of the LC3
protein?4® post-photoactivation or by quantitatively
measuring the autophagosomal pool size and its
transition time.?** These approaches deliver
invaluable information on the kinetics of the system
and the time required to clear a com- plete
autophagosomal pool. Nonetheless, care must be
taken for this type of analysis as changes in
translational/transcrip- tional regulation of LC3
might also affect the readout.

Finally, autophagic flux can be monitored based on
the turn-over of LC3-Il, by utilizing a luminescence-
based assay. For example, a reporter assay based on
the degradation of Renilla reniformis luciferase
(Rluc)-LC3 fusion proteins is well suited for
screening compounds affecting autophagic flux.#? In
this assay, Rluc is fused N-terminally to either wild-

type LC3 (LC3YT) or a lipidation-deficient mutant of
LC3 (G120A).Since Rluc-LC3"T, in contrast to Rluc-
LC3%120A " gspecifically  associates ~ with  the
autophagosomal membranes, Rluc-LC3VT is more
sensitive to autophagic degradation. A change in
autophagy-dependent LC3 turnover can thus be
estimated by monitoring the change in the ratio of
luciferase activities between the 2 cell populations
expressing either Rluc-LC3"T or Rluc-LC3%2%A, In its
simplest form, the Rluc-LC3-assay can be used to
estimate autophagic flux at a single time point by
defining the luciferase activities in cell extracts.
Moreover, theuse of a live cell luciferase substrate
makes it possible to moni-tor changes in autophagic
activity in live cells in real time. Thismethod has been
successfully used to identify positive and neg- ative
regulators of autophagy from cells treated with micro-
RNA, siRNA and small molecule libraries.?*?-248

Cautionary notes: The main caveat regarding the
measure- ment of LC3-11s/LC3-1 is that this method
has only been testedin isolated rat hepatocytes and H4-
I1-E cells. Thus, it is not yet



known whether it is generally applicable to other
cell types. Indeed, a soluble form of LC3-II (i.e.,
LC3-11s) is not observedin many standard cell types
including HeLa, HEK 293 and PC12. In addition,
the same concerns apply regarding detection of
LC3-I by western blotting. It should be noted that
the LC3- I1s/LC3-I ratio must be analyzed using the
cytosolic  fractions rather than the total
homogenates. Furthermore, the same cav- eats
mentioned above regarding the use of LC3 for
qualitativelymonitoring autophagy also apply to the
use of this marker for evaluating flux.

The use of a radioactive pulse-chase analysis,
which assesses complete autophagic flux, provides
an alternative to lysosomal protease inhibitors,4®
although such inhibitors should still be used to
verify that degradation is lysosome- dependent. In
addition, drugs must be used at concentrations and
for time spans that are effective in inhibiting fusion
or degradation, but that do not provoke cell death.
Thus, these techniques may not be practical in all
cell types or in tissues from whole organisms where
the use of protease inhibitors is problematic, and
where pulse labeling requires artificial short- term
culture conditions that may induce autophagy.
Another concern when monitoring flux via LC3-
Il turnover may beseen in the case of a partial
autophagy block; in this situation, agents that
disrupt autophagy (e.g., bafilomycin A1) will still
result in an increase in LC3-I1. Thus, care is needed
in inter- pretation. For characterizing new
autophagy modulators, it is ideal to test autophagic
flux at early (e.g., 4 h) and late (e.g.,24 h) time-
points, since in certain instances, such as with cal-
cium phosphate precipitates, a compound may
increase or decrease flux at these 2 time points,
respectively.?®  Moreover, it is important to
consider assaying autophagy modulators ina long-
term response in order to further understand their
effects. Finally, many of the chemicals used to
inhibit auto- phagy, such as bafilomycin A1, NH4Cl
(see Autophagy inhibi- tors and inducers) or
chloroquine, also  directly  inhibit  the
endocytosis/uncoating of viruses (D.R. Smith,
personal com- munication), and other endocytic
events requiring low pH, as well as exit from the
Golgi (S. Tooze, personal communica- tion). As
such, agents that neutralize endosomal compart-
ments should be used only with extreme caution in
studies investigating autophagy-virus interactions.

One additional consideration is that it may not be

absolutelynecessary to follow LC3-I1 turnover if other
substrates are being monitored simultaneously. For
example, an increase in LC3-11 levels in combination
with the lysosomal (or ideally autophagy- specific)
removal of an autophagic substrate (such as an
organ- elle?**?%) that is not a good proteasomal
substrate provides an independent assessment of
autophagic flux. However, it isprobably prudent to
monitor both turnover of LC3-1l and an
autophagosome substrate in parallel, due to the fact
that LC3 might be coupled to endosomal membranes
and not just auto- phagosomes, and the levels of well-
characterized autophago- some substrates such as
SQSTM1 can also be affected by proteasome
inhibitors.?>

Another issue relates to the use of protease
inhibitors (see Autophagy inhibitors and inducers).
When using lysosomal protease inhibitors, it is of
fundamental importance to assess proper conditions
of inhibitor concentration and time of pre- incubation
to ensure full inhibition of lysosomal cathepsins.



In this respect, 1 h of pre-incubation with 10 mg/ml
E-64d is sufficient in most cases, since this inhibitor
iIs membrane per- meable and rapidly accumulates
within lysosomes, but another frequently used
inhibitor, leupeptin, requires at least

6 h pre-incubation.®® Moreover, pepstatin A is
membrane impermeable (ethanol or preferably
DMSO must be employed as a vehicle) and
requires a prolonged incubation

(>8 h) and a relatively high concentration (>50

mg/ml) to fully inhibit lysosomal CTSD (Fig. 7).
An incubation of this

duration, however, can be problematic due to indirect
effects (see GFP-Atg8/LC3 lysosomal delivery and
proteolysis). At least in neurons, pepstatin alone is a
less effective lysosomal proteolytic block, and
combining a cysteine protease inhibitor with it is
most effective.>® Also, note that the relative amount
of lysosomal CTSB (cathepsin B) and CTSD is
cell-specific
and changes with culture conditions. A possible
alternative to pepstatin A is the pepstatin A,
BODIPY® FL conjugate,>>?>% which is transported
to lysosomes via endocytosis. In contrast to the
protease inhibitors, chloroquine (10-40 mM) or
bafilo- mycin A:; (1-100 nM) can be added to
cells immediately
prior to autophagy induction. Because cysteine
protease inhibitors upregulate CTSD and have
potential inhibitory activity toward calpains and
other cysteine proteases, whereas bafilomycin Az can
have potential significant cytotoxicity, especially in
cultured neurons and pathological states, the use of
both methods may be important in some experiments
to exclude off-target effects of a single method.
Conclusion: It is important to be aware of the
difference between monitoring the steady-state level
of Atg8/LC3 and autophagic flux. The latter may be
assessed by following Atg8/LC3 in the absence and
presence of autophagy inhibitors, and by examining
the autophagy-dependent degradation of appro-
priate substrates. In particular, if there is any
evidence of an increase in LC3-1 (or
autophagosomes), it is essential to deter- mine
whether this represents increased flux, or a block in
fusion or degradation through the use of inhibitors
such as chloroquine or bafilomycin Az. In the case of
a suspected impaired degradation, assessment of
lysosomal function is thenrequired to validate the
conclusion and to establish the basis.

¢. GFP-Atg8/LC3 lysosomal delivery and partial
proteolysis GFP-LC3B (hereafter referred to as GFP-
LC3) has also beenused to follow flux. It should be
cautioned that, as with endoge-nous LC3, an
assessment of autophagic GFP-LC3 flux is a car-rier
flux that cannot be equated with, and is not
necessarilyrepresentative of, an autophagic cargo
flux. When GFP-Atg8 orGFP-LC3 is delivered to a
lysosome/vacuole, the Atg8/LC3 partof the chimera is
sensitive to degradation, whereas the GFPprotein is
relatively resistant to hydrolysis (note, however, that
GFP fluorescence is quenched by low pH; see GFP-
Atg8/LC3fluorescence microscopy and Tandem
mRFP/mCherry-GFP fluo-rescence microscopy).
Therefore, the appearance of free GFP onwestern blots
can be used to monitor lysis of the inner autopha-
gosome membrane and breakdown of the cargo in
metazoans(Fig. 8A),2%6:2542% or the delivery of
autophagosomes to, andthe breakdown of
autophagic bodies within, the fungal andplant
vacuole 21421523625 Reports on Dictyostelium and
mam-malian cells highlight the importance of
lysosomal pH as a crit-ical factor in the detection of
free GFP that results from the
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Figure 7. Effect of different inhibitors on LC3-lI
accumulation. SH-SY5Y human neuroblastoma cells were
plated and allowed to adhere for a minimum of 24 h, then
treated in fresh medium Treatments were as follows:
rapamycin Rap A)1mM, 4 hor (B) 10 mM 4 h; E-64d,

final conc ntr 0 mRI/mI from a %
st C rno‘rerEa EOI-D H4Cl (NH4™), inal concentration 10

|n water; pepstatin A (Pst), final concentration 10 mg/ml
from a 1 mg/ml stock inethanol, or 68.6 mg/ml from a b.86
mg/ml stock in DMSO; ethanol or DMSO, final
concentration 1%. Pre-incubations in (B) were for 1 or 4
h as indicated. 10 mM

NH4CI (or 30 mM chloroquine, not shown) were the most
effective compounds for demonstrating the accumulation of
LC3-Il. E-64d was also effective in preventing the
degradation of LC3-II, with or without a preincubation, but
ammomium chlo- ride (or chloroguine) may be more
effective. Pepstatin A at 10 mg/ml with a 1 h pre-incubation
was not effective at blocking degradation, whereas a 100 mM
con- centration with 4 h pre-incubation had a partial effect.
Thus, alkalinizing com- pounds are more effective in

blocking LC3-II degradation, and pepstatin A must beused at
saturating conditions to have any noticeable effect. Images
provided by C.lIsidoro. Note that the band running just below
LC3-1 at approximately 17.5 kDa may be a processing
intermediate of LC3-I; it is detectable in freshly prepared
homogenates, but is less visible after the sample is subjected
to a freeze-thaw cycle.

degradation of fused proteins. In these cell types, free
GFP frag-ments are only detectable in the presence

of nonsaturating lev- els of lysosomotropic
compounds (NH4Cl or choroquine) or under
conditions that attenuate lysosomal acidity;
otherwise,
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from Elsevier. (B (B) Differential role of unsaturating and saturating concentrations of lysosomal inhibitors on GFP-LC3 cleavage.
HeLa cells stably transfected with GFP-LC3were treated with various concentrations of chloroquine (CQ) for 6 h. Total lysates
were prepared and subjected to immunoblot analysis. (C) CQ-induced free GFP frag- ments require classical autophagy
machinery. Wild-type and ath MEFs were first infected with adenovirus GFP-LC3 (100 viral particles per cell) for 24 h. The
cells werethen either cultured in regular culture medium with or without CQ (10 mM), or subjected to starvation in EBSS in the
absence or presence of CQ for 6 h. Total lysates were prepared and subjected to immunoblot analysis. Panel (B) and (C) are modified
from the data previously published in ref. 257.

these possibilities.?® Since the pH inthe yeast vacuole
is higher than that in mammalian or Dictyos-telium
lysosomes, the levels of free GFP fragments are
detect- able in yeast even in the absence of
lysosomotropic compounds.®® Additionally, in yeast
the diffuse fluorescent haze from the released GFP
moiety within the vacuole lumen can be observed by
fluorescence microscopy.

the autophagic/degradative machinery appears to be
too effi- cient to allow the accumulation of the
proteolytic fragment (Fig. 8B,C).3"®’ Hence, a
reduction in the intensity of the free GFP band may
indicate reduced flux, but it may also be due to
efficient turnover. Using a range of concentrations
and treat- ment times of compounds that inhibit
autophagy can be useful in distinguishing between



The dynamic movement to lysosomes of GFP-
LC3, or of itsassociated cargo, also can be monitored
by time-lapse fluores- cence microscopy, although,
as mentioned above, the GFP

fluorescent signal is more sensitive to acidic pH than
other fluo-rophores (see GFP-Atg8/LC3 fluorescence
microscopy). A time- course evaluation of the cell
population showing GFP-LC3 puncta can serve to
monitor the autophagic flux, since a constantincrease
in the number of cells accumulating GFP-LC3 puncta
is suggestive of defective fusion of autophagosomes
with lysosomes. Conversely, a decline implies that
GFP-LC3 is delivered to prop- erly acidified
lysosomes and may, in addition, reflect proteolytic
elimination within them, although the latter needs to
be indepen-dently established. In either case, it can
be problematic to use GFP fluorescence to follow flux,
as new GFP-LC3 is continuouslybeing synthesized. A
potential solution to this problem is to fol-low the
fluorescence of a photoactivatable version of the
fluores-cent protein,?® which allows this assay to be
performed essentially as a pulse-chase analysis.
Another alternative to followflux is to monitor GFP-
LC3 fluorescence by adding lysosomal



protease or fusion inhibitors to cells expressing GFP-
LC3 and monitoring changes in the number of
puncta. In this case, the presence of lysosomal
inhibitors should increase the number of GFP-LC3-
positive structures, and the absence of an effect on the
total number of GFP-LC3 puncta or on the
percentage of cells displaying numerous puncta is
indicative of a defect(s) in auto-phagic flux.?®® The
combination of protease inhibitors (to prevent the
degradation of GFP) or compounds that modify
lysosomal pH such as NH4Cl or chloroquine, or
compounds that block fusion of autophagosomes
with lysosomes such as bafilomycinA; or others (e.g.,
vinblastine) may be most effective in prevent- ing
lysosome-dependent decreases in GFP-LC3 puncta.
How- ever, because the stability of GFP is affected
by lysosomal pH,researchers may also consider the
use of protease inhibitors whether or not
lysosomotropic compounds or fusion inhibitorsare
included.

Cautionary notes: The GFP-Atg8 processing assay
is used routinely to monitor autophagy in yeast. One
caveat, however, isthat this assay is not always carried
out in a quantitative manner. For example, western
blot exposures need to be in the linear range.
Accordingly, an enzymatic assay such as the
Pho8D60 assay may be preferred (see Autophagic
protein degrada- tion),?6%2%2 especially when the
differences in autophagic activity need to be
determined precisely (note that an equivalent assay
has not been developed for higher eukaryotic cells);
however, aswith any enzyme assay, appropriate caution
must be used regard- ing, for example, substrate
concentrations and linearity. The Pho8D60 assay
also requires a control to verify equal Pho8D60
expression in the different genetic backgrounds or
conditions to be tested;®! differences in Pho8D60
expression potentially affect its activity and may thus
cause misinterpretation of results. Another issue to
keep in mind is that GFP-Atg8 processing corre- lates
with the surface area of the inner sphere of the
autophago-some, and thus provides a smaller signal
than assays that measure the volume of the
autophagosome. Therefore, Pgkl1- GFP processing®®
or the Pho8D60 assay are generally more sensi-tive
assays.

The main limitation of the GFP-LC3 processing
assay in mammalian cells is that it seems to depend
on cell type and culture conditions (N. Hosokawa
and N. Mizushima, unpublished data). Apparently,

GFP is more sensitive to mammalian lysosomal
hydrolases than to the degradative milieu of the yeast
vacuole or the lysosomes in Drosophila. Alternatively,
the lower pH of mammalian lysosomes rela-tive to
that of the yeast vacuole may contribute to differen-
ces in detecting free GFP. Under certain conditions
(such as Earle’s balanced salt solution [EBSS]-
induced starvation) in some cell lines, when the
lysosomal pH becomes particu- larly low, free GFP is
undetectable because both the LC3-11 and free GFP
fragments are quickly degraded.?” Therefore,if this
method is used it should be accompanied by immu-
noblotting and include controls to address the stability
of nonlysosomal GFP such as GFP-LC3-I1. It should
also be noted that free GFP can be detected when
cells are treatedwith nonsaturating doses of inhibitors
such as chloroquine, E-64d and bafilomycin Ai. The
saturating concentrations of these lysosomal inhibitors
vary in different cell lines, and it would be better to use
a saturating concentration of lyso-somal inhibitors
when performing an autophagic flux



Figure 9. Movement of activated pDendra2-hp62
(SQSTM1; orange) from the nucleus (middle) to an
aggregate in ARPE-19 cells, revealed by confocal micros-
copy. Cells were exposed to 5 mM MG132 for 24 h to induce
the formation of peri- nuclear aggregates.?'®® The cells
were then exposed to a UV pulse (the UV- induced area
is shown by red lines that are inside of the nucleus) that
convertsDendra2 from green to red, and the time shown
after the pulse is indicated. SQSTM1 is present in a small
nuclear aggregrate, and is shuttled from the nucleus to a
perinuclear large protein aggregate (detected as red). Scale
bar: 5 mm. Imageprovided by K. Kaarniranta.

assay.?®’ Therefore, caution must be exercised in
interpret-ing the data using this assay; it would be
helpful to combine an analysis of GFP-LC3
processing with other assays, such as the
monitoring of endogenous LC3-1I by western
blot.

Along these lines, a caution concerning the use
of the EGFPfluorescent protein for microscopy is
that this fluorophore hasa relatively neutral pH
optimum for fluorescence,?®® and its sig- nal
diminishes quickly during live cell imaging due to
the acidic environment of the lysosome. It is
possible to circumvent this latter problem by
imaging paraformaldehyde-fixed cultures that are
maintained in a neutral pH buffer, which retains
EGFP fluorescence (M. Kleinman and J.J. Reiners,
personal communi- cation). Alternatively, it may be
preferable to use a different flu-orophore such as
mRFP or mCherry, which retain fluorescenceeven
at acidic pH.?®* On the one hand, a putative
advantage of mCherry over mRFP is its enhanced
photostability and inten- sity, which are an order of
magnitude higher (and comparable to GFP),
enabling acquisition of images at similar exposure
set-tings as are used for GFP, thus minimizing
potential bias in interpretation.?®® On the other
hand, caution is required when evaluating the
localization of mCherry fusion proteins during

autophagy due to the persistence of the mCherry
signal in acidic environments; all tagged proteins are
prone to show enrichment in lysosomes during
nonselective autophagy of thecytoplasm, especially
at higher expression levels. In addition, red
fluorescent proteins (even the monomeric forms) can
be toxic due to oligomer formation.?®® Dendra2 is an
improved  version of the  green-to-red
photoswitchable fluorescent proteinDendra, which is
derived from the octocoral Dendronephthya sp.2®’
Dendra2 is capable of irreversible photoconversion
froma green to a red fluorescent form, but can be used
also as a nor-mal GFP or RFP vector. This modified
version of the fluoro- phore has certain properties
including a monomeric state, low phototoxic
activation and efficient chromophore maturation,
which make it suitable for real-time tracking of LC3
and SQSTM1 (Fig. 9; K. Kaarniranta, personal
communication). Another alternative to mRFP or
mCherry is to use the Venus variant of YFP, which
is brighter than mRFP and less sensitiveto pH than
GFp.28



The pH optimum of EGFP is important to consider tha"a_na’zgz Zea _mays_,283 Trypanosoma
when using GFP-LC3 constructs, as the original brucei, %52 | eishmania major**®**and mice.™ It
GFP-LC3 marker?® uses the EGFP variant, which is also possible to use anti-LC3/Atg8 antibodies
may result in a reduced signal upon the formation of
amphisomes or autolysosomes. An addi- tional
caveat when using the photoactivatable construct
PA- GFP?? s that the process of activation by
photons may induce DNA damage, which could, in
turn, induce autophagy. Also, GFP is relatively
resistant to denaturation, and boiling for5 min may
be needed to prevent the folded protein from being
trapped in the stacking gel during SDS-PAGE.

As noted above (see Western blotting and

ubiquitin-like pro- tein conjugation systems),
Atg4/ATG4 cleaves the residue(s) that follow the C-
terminal glycine of Atg8/LC3 that will be con-jugated
to PE. Accordingly, it is critical that any chimeras be
constructed with the fluorescent tag at the amino
terminus of Atg8/LC3 (unless the goal is to monitor
Atg4/ATGA4 activity).

Finally, lysosomal inhibition needs to be carefully
con- trolled. Prolonged inhibition of lysosomal
hydrolases (>6 h) islikely to induce a secondary
autophagic response triggered by the accumulated
undigested autophagy cargo. This secondary
autophagic response can complicate the analysis of
the auto-

phagic flux, making it appear more vigorous than it
would in the absence of the lysosomal inhibitors.

Conclusion: The GFP-Atg8/LC3 processing
assay, which monitors free GFP generated within the
vacuole/lysosome, is a convenient way to follow
autophagy, but it does not work in allcell types, and is
not as easy to quantify as enzyme-based assays.
Furthermore, the assay measures the flux of an
autophagic car-rier, which may not necessarily be
equivalent to autophagic cargo flux.

d. GFP-Atg8/LC3 fluorescence microscopy
LC3B, or the protein tagged at its N terminus with a

fluorescent
protein such as GFP (GFP-LC3), has been used to
monitor autophagy through indirect

immunofluorescence or direct fluo- rescence
microscopy (Fig. 10), measured as an increase in
punctate LC3 or GFP-LC3.2%%27° The detection of
GFP-LC3/ Atg8 is also useful for in vivo studies
using transgenic organ- isms such as Caenorhabditis
elegans,”*  Dictyostelium  discoi-  deum,?"
filamentous ascomycetes,?’>?’" Ciona intestinalis,?’®
Drosophila ~ melanogaster,’®281  Arabidopsis



for immunocytochemistry or
immunohistochemistry (IHC),%7289-2% procedures
that have the advantages of detect- ing the
endogenous protein, obviating the need for
transfectionand/or the generation of a transgenic
organism, as well asavoiding potential artifacts
resulting from overexpression. For example, high
levels of overexpressed GFP-LC3 can result in its
nuclear localization, although the protein can still
relocate to the cytosol upon starvation. The use of
imaging cytometry allows rapid and quantitative
measures of the number of LC3 puncta and their
relative number in individual or mixed cell types,
using computerized assessment, enumeration, and
data display (e.g., see refs. 44, 295). In this respect,
the alternative use of an automated counting system
may be helpful for obtaining an objective number
of puncta per cell. For this pur- pose, the
WatershedCounting3D plug-in for ImageJ may be
useful.2%62%" Changes in the number of GFP-Atg8
puncta can also be monitored using flow
cytometry (see Autophagic flux determination

using flow and multispectral imaging cytometry).?%!
Monitoring the endogenous Atg8/LC3 protein
obviously

depends on the ability to detect it in the system of
interest, which is not always possible. If the

Control

Rapamycin

endogenous amount is below the level of detection,
the use of an exogenous constructis warranted. In this
case, it is important to consider the use of stable
transformants versus transient transfections. On the
one hand, stable transformants may have reduced
background resulting from the lower gene
expression, and artifacts resulting from recent
exposure to transfection reagents (see below) are
eliminated. Furthermore, with stable transformants
more cells can be easily analyzed because nearly
100% of the population will express tagged LC3. On
the other hand, a disadvantage of stable transfectants
is that the integration sites cannot always be
predicted, and expression levels may not be optimal.
There-fore, it is worth considering the use of stable
episomal plasmids that avoid the problem of
unsuitable integration.?®* An impor- tant advantage
of transient transfection is that this approach is better
for examining the immediate effects of the
transfected protein on autophagy; however, the
transient transfection approach restricts the length of
time that the analysis can be performed, and
consideration must be given to the induction of
autophagy resulting from exposure to the
transfection reagents (see below). One word of
caution is that optimizing the time of transient
expression of GFP-LC3 is necessary, as

Rapamycin + 3-MA

Figure 10. Changes in the detection and localization of GFP-LC3 upon the induction of autopha%y. U87 cells stably expressing

GFP-LC3 were treated with PBS, rapamycin(200 nM), or rapamycin in combination with 3-MA (2
fluorescence images of cells counterstained with DAPI (nuclei) are shown. Scale bar: 10 mm. This
Flgure 6 published in ref. 270, Badr et al. Lanatoside C sensitizes glioblastoma cells to tumor necrosis
in

mM) for 24 h. Representative
fgure was modified from
actor—related apoptosis-

ucing ligand and induces an alternative cell death pathway. Neuro-Oncology, 13:1213-24, 2011, by permission of Oxford

University Press.



some cell types (e.g., HeLa cells) may require 1 day
for achiev-ing optimal expression to visualize GFP-
LC3 puncta, whereas neuronal cell lines such as SH-
SY5Y cells typically need at least 48 h of expression
prior to performing GFP-LC3 puncta analy-ses. In
addition, a double transfection can be used (e.g., with
GFP-LC3 and the protein of interest) to visually tag
the cells that express the protein being examined.

A disadvantage of transfecting GFP-LC3 with
liposomes is that frequently it leads to an unstable
efficiency of transfection, causing a reduction in the
number of cells effectively expressing GFP-LC3, and
degradation of the plasmid, thus decreasing the
numbers of GFP-LC3 puncta. Stable cell lines
expressing GFP- LC3 can be generated using
lentiviral systems and efficiently selected through
antibiotic resistance leading to uniform and
prolonged expression levels. These stable cell lines
are sensitiveto autophagy inducers as measured by
the LC3-1I/LC3-I ratio by western blot, and also
show increased numbers of cytoplasmic GFP-LC3
puncta upon autophagic stimuli (R. Muroz-
Moreno, R. I. Galindo, L. Barrado-Gil and C.
Alonso, unpublished results).

In conclusion, there is no simple rule for the use of
stable versus transient transfections. When stable
transfections are utilized through a nonlentiviral
system, it is worthwhile screen-ing for stable clones
that give the best signal-to-noise ratio; when
transient transfections are used, it is worthwhile
optimiz-ing the GFP-LC3 DNA concentration to give
the best signal-to- noise ratio. In clones, the
uniformity of expression of GFP-LC3 facilitates
“thresholding” when scoring puncta-positive cells
(see below). However, there is also a need to be
aware that a single cell clone may not be
representative of the overall pool. Using a pool of
multiple selected clones may reduce artifacts that can
arise from the selection and propagation of individual
clones from a single transfected cell (although the use
of a poolis also problematic as its composition will
change over time). Another possibility is using
fluorescence-activated cell sorter (FACS) sorting to
select a mixed stable population with uni- form GFP-
LC3 expression levels.?® Optimization, togetherwith
including the appropriate controls (e.g., transfecting
GFP- LC3C0A as a negative control), will help
overcome the effectsof the inherent variability in
these analyses. For accurate inter-pretations, it is also
important to assess the level of overexpres-sion of the

GFP-LC3 constructs relative to endogenous LC3 by
western blot.

An additional use of GFP-LC3 is to monitor
colocalization with a target during autophagy-related
processes such as organ- elle degradation or the
sequestration ~ of  pathogenic ~ microbes.2%-3%2
Preincubation of cells stably expressing GFP- LC3
with leupeptin can help stabilize the GFP-LC3 signal
dur- ing fluorescence microscopy, especially under
conditions of induced autophagic flux. Leupeptin is an
inhibitor of lysosomal cysteine and serine proteases
and will therefore inhibit degrada-tion of membrane-
conjugated GFP-LC3 that is present within
autolysosomes.

Cautionary notes: Quantification of autophagy by
measur- ing GFP-LC3 puncta (or LC3 by
immunofluorescence) can, depending on the method
used, be more tedious than monitor- ing LC3-11 by
western blot; however, the former may be more
sensitive and quantitative. Ideally, it is preferable to
include both assays and to compare the 2 sets of
results. In addition, if



GFP-LC3 is being quantified, it is better to
determine the num-ber of puncta corresponding to
GFP-LC3 on a per cell basis (orper cell area basis)
rather than simply the total number (or per-centage)
of cells displaying puncta. This latter point is
critical because, even in nutrient-rich conditions,
cells display some basal level of GFP-LC3 puncta.
There are, however, practical issues with counting
puncta manually and reliably, especially ifthere are
large numbers per cell. Nevertheless, manual
scoring may be more accurate than relying on a
software program, in which case it is important to
ensure that only appropriate puncta are being
counted (applicable programs include ImageJ,
Imaris, and the  open-source  software
CellProfiler®®). More- over, when autophagosome-
lysosome fusion is blocked, largerautophagosomes
are detected, possibly due to autophagosome-
autophagosome fusion, or to an inability to resolve
individual autophagosomes when they are present
in large numbers. Although it is possible to detect
changes in the size of GFP- Atg8/LC3 puncta by
fluorescence microscopy, it is not possible to
correlate size with autophagy activity without
additional assay methods. Size determinations can
be problematic by fluo-rescence microscopy unless
careful standardization is carried out,*®* and size
estimation on its own without considering puncta
number per cell is not recommended as a method
for monitoring autophagy; however, it is possible to
quantify the fluorescence intensity of GFP-
Atg8/LC3 at specific puncta,which does provide a
valid measure of protein recruitment.3%

In addition to autophagosome size, the number of
puncta visible to the eye will also be influenced by
both the level of expression of GFP-LC3 in a given
cell (an issue that can be avoided by analyzing
endogenous LC3 by immunofluores-cence) and by
the exposure time of the microscope, if using
widefield microscopy. Another way to account for
differential GFP-LC3 expression levels and/or
exposure is to normalize theintensity of GFP-LC3
present in the puncta to the total GFP- LC3 intensity
in the cell. This can be done either on the popula-
tion level*® or individual cell level.?®® In many cell
types it may be possible to establish a threshold
value for the number of puncta per cell in conditions
of “low” and “high” autophagy.*®’ This can be
tested empirically by exposing cells to autophagy-
inducing and -blocking agents. Thus, cell
populations  showing significantly  greater

proportions of cells with autophagosome numbers
higher than the threshold in perturbation conditions
compared to the control cells could provide
quantitative evi- dence of altered autophagy. It is
then possible to score the pop- ulation as the
percentage of cells displaying numerous
autophagosomes. This approach will only be feasible
if the background number of puncta is relatively low.
For this method, it is particularly important to count
a large number of cells and multiple representative
sections of the sample. Typi- cally, it is appropriate
to score on the order of 50 or more cells,preferably
in at least 3 different trials, depending on the partic-
ular system and experiment, but the critical point is
that this determination should be based on statistical
power analysis. Accordingly, high-content imaging
analysis methods enable quantification of GFP-LC3
puncta (or overall fluorescence intensity) in
thousands of cells per sample (e.g., see refs. 243, 258,
308). When using automated analysis methods, care
mustbe taken to manually evaluate parameters used
to establish background threshold values for
different treatment conditions



and cell types, particularly as many systems image at
lower magnifications that may be insufficient to
resolve individual puncta. Another note of caution is
that treatments affecting cellmorphology, leading to
the “rounding up” of cells, for example,can result in
apparent changes in the number of GFP-LC3 puncta
per cell. To avoid misinterpretation of results due to
such potential artifacts, manual review of cell images
is highlyrecommended. If cells are rounding up due
to apoptosis or mitosis, it is easy to automatically
remove them from analysis based on nuclear
morphology (using DAPI or Hoechst stain- ing) or
cell roundness. If levels of autophagy in the rounded
up cells are of particular interest, images can be
acquired as z- stacks and either analyzed as a z-series
or processed to generate maximum projection or
extended depth-of-field images and than analyzed.3%

To allow comparisons by other researchers
attempting to repeat these experiments, it is critical
that the authors also spec-ify the baseline number of
puncta that are used to define “nor- mal” or “low”
autophagy. Furthermore, the cells should be counted
using unbiased procedures (e.g., using a random start
point followed by inclusion of all cells at regular
intervals), and statistical information should be
provided for both baseline and altered conditions, as
these assays can be highly variable. One possible
method to obtain unbiased counting of GFP-LC3
puncta in a large number of cells is to perform
multispectral  imaging flow cytometry (see
Autophagic flux determination using flow and
multispectral imaging cytometry).31° Multispec-tral
imaging flow cytometry allows characterization of
single cells within a population by assessing a
combination of mor- phology and
immunofluorescence patterns, thereby providing
statistically meaningful data.®!* This method can also
be used for endogenous LC3, and, therefore, is useful
for nontrans- fected primary cells.3'? For adherent
cell cultures, one caution for flow cytometry is that
the techniques necessary to produce single cell
suspensions can cause significant injury to the cells,
leading to secondary changes in autophagy.
Therefore, staining for plasma membrane
permeabilization (e.g., cell death) beforeversus after
isolation is an important control, and allowing a
period of recovery between harvesting the culture
and stainingis also advisable.3*3

An important caveat in the use of GFP-LC3 is that
this chi- mera can associate with aggregates,

especially when expressed at high levels in the
presence of aggregate-prone proteins,which can lead
to a misinterpretation of the results.®** Of note, GFP-
LC3 can associate with ubiquitinated protein aggre-
gates;3!> however, this does not occur if the GFP-LC3
is expressed at low levels (D.C. Rubinsztein, unpublished
observa- tions). These aggregates have been described
in many systems and are also referred to as aggresome-
like induced structures (ALIS),35317 dendritic cell
ALIS, 38 SQSTM1/p62 bodies/ sequestosomes!® and
inclusions. Indeed, many pathogen-asso- ciated
molecular patterns (PAMPSs) described to induce the
for-mation of autophagosomes in fact trigger massive
formation of SQSTM1 bodies (L.H. Travassos,
unpublished observations). Inhibition of autophagy in
vitro and in vivo leads to the accu- mulation of these
aggregates, suggesting a role for autophagy in
mediating their clearance 315316320322 One way to
control for background levels of puncta is to determine
fluorescence from untagged GFP.



The receptor protein SQSTML1 is required for the
formation of ubiquitinated protein aggregates in
vitro (see SQSTM1 and related LC3 binding protein
turnover assays).*®® In this case, the interaction of
SQSTM1 with both ubiquitinated proteins and LC3
is thought to mediate delivery of these aggregates
to the autophagy system.3?3324 Many cellular
stresses can induce the formation of aggregates,
including transfection reagents,™ or foreign DNA
(especially if the DNA is not extracted endotoxin
free). SQSTM1-positive aggregates are also formed
by protea-some inhibition or puromycin treatment
and can be found in cells exposed to rapamycin for
extended periods where the ratesof autophagy are
elevated.3® Calcium phosphate transfection of
COS7 cells or lipofectamine transfection of MEFs
(R. Pinkas- Kramarski, personal communication),
primary neurons (A.R. La Spada, personal
communication) or neuronal cells (C.T. Chu,
personal communication) transiently increases
basal lev- els of GFP-LC3 puncta and/or the amount
of LC3-1l. One solu- tion to this artifact is to
examine GFP-LC3 puncta in cells stably expressing
GFP-LC3; however, as transfection-induced
increases in GFP-LC3 puncta and LC3-11 are often
transient, another approach is to use cells
transfected with GFP, with cellssubjected to a mock
time-matched transfection as the back- ground
(negative) control. A lipidation-defective LC3
mutant where glycine 120 is mutated to alanine is
targeted to these aggregates independently of
autophagy (likely via its interaction with SQSTM1,
see above); as a result, this mutant can serve as
another specificity control.3® When carrying out
transfections it may be necessary to alter the
protocol depending on the level of background
fluorescence. For example, changing the medium
and waiting 24 to 48 h after the transfection can
help to reduce the background level of GFP-LC3
puncta that is due to the transfection reagent (M. 1.
Colombo, personal communi- cation). Similarly,
when using an mCherry-GFP-SQSTM1 dou-ble tag
(see Tandem mRFP/mCherry-GFP fluorescence
microscopy) in transient transfections it is best to
wait 48 h aftertransfection to reduce the level of
aggregate formation and potential inhibition of
autophagy (T. Johansen, personal com-
munication). An additional consideration is that, in
addition to transfection, viral infection can activate
stress pathways insome cells and possibly induce
autophagy, again emphasizing the importance of

appropriate controls, such as control viruses

expressing GFP 3%
Ulbiquitinated protein aggregate formation and
clearance

appear to represent a cellular recycling process.
Aggregate for-mation can occur when autophagy is
either inhibited or when its capacity for degradation
Is exceeded by the formation of proteins delivered to
the aggregates. In principle, formation of GFP-LC3-
positive aggregates represents a component of the
autophagy process. However, the formation of GFP-
LC3-posi-tive ubiquitinated protein aggregates does
not directly reflect either the induction of autophagy
(or autophagosome forma- tion) or flux through the
system. Indeed, formation of ubiquiti-nated protein
aggregates that are GFP-LC3 positive can occur in
autophagy-deficient cells.3®® Therefore, it should be
remem-bered that GFP-LC3 puncta likely represent
a mix of ubiquiti- nated protein aggregates in the
cytosol, ubiquitinated protein aggregates within
autophagosomes and/or more “conventional”
phagophores and autophagosomes bearing other
cytoplasmic cargo (this is one example where CLEM
could help in resolving



this question®). In Dictyostelium, inhibition of
autophagy leads to huge ubiquitinated protein
aggregates containing SQSTM1 and GFP-Atgs,
when the latter is co-expressed; the large size ofthe
aggregates makes them easily distinguishable from
auto- phagosomes. Saponin treatment has been used
to reduce back- ground fluorescence under
conditions where no aggregation of GFP-LC3 is
detected in hepatocytes, GFP-LC3 stably-trans-
fected HEK 293%2° and human osteosarcoma cells,
and in non- transfected cells;*" however, because
treatment with saponin and other detergents can
provoke artifactual GFP-LC3 puncta formation,3?
specificity controls need to be included in such
experiments. In general, it is preferable to include
additional assays that measure autophagy rather than
relying solely on monitoring GFP-LC3. In addition,
we recommend that researchers validate their assays
by demonstrating the absence or reversal of GFP-
LC3 puncta formation in cells treated with
pharmacological or RNA interference-based
autophagy inhibi-tors (Table 1). For example, 3-MA
is commonly used to inhibitstarvation- or rapamycin-
induced autophagy,®? but it has no effect on BECN1-
independent forms of autophagy,®**°! and some data
indicate that this compound can also have stimula-
tory effects on autophagy (see Autophagy inhibitors
and inducers).3%

Another general limitation of the GFP-LC3
assay is thatit requires a system amenable to the
introduction of an exogenous gene. Accordingly, the
use of GFP-LC3 in pri-mary nontransgenic cells is
more challenging. Here again, controls need to be
included to verify that the transfection protocol itself
does not artifactually induce GFP-LC3 punctaor
cause LC3 aggregation. Furthermore, transfection
shouldbe performed with low levels of constructs,
and the trans- fected cells should be followed to
determine 1) when suffi- cient expression for
detection is achieved, and 2) that, during the time
frame of the assay, basal GFP-LC3 puncta remain
appropriately low. In addition, the demonstration
ofa reduction in the number of induced GFP-LC3
puncta under conditions of autophagy inhibition is
helpful. For some primary cells, delivering GFP-
LC3 to precursor cellsby infection with recombinant
lentivirus, retrovirus or ade- novirus,*! and
subsequent differentiation into the cell type of
interest, is a powerful alternative to transfection of
thealready differentiated cell type.”

To implement the scoring of autophagy via
fluorescence microscopy, one option is to measure
pixel intensity. Since the expression of GFP-LC3 may
not be the same in all cells— as discussed above—it is
possible to use specific imaging soft-ware to calculate
the standard deviation (SD) of pixel intensitywithin the
fluorescence image and divide this by the mean
intensity of the pixels within the area of analysis. This
will provide a ratio useful for establishing differences
in the degreeof autophagy between cells. Cells with
increased levels of autophagic activity, and hence a
greater number of autopha- gosomes in their cytosol,
are associated with a greater variabil- ity in pixel
intensity (i.e., a high SD). Conversely, in cells where
autophagy is not occurring, GFP-LC3 is uniformly dis-
tributed throughout the cytosol and a variation in pixel
inten- sity is not observed (i.e., a low SD; M.
Campanella, personal communication).



Although LC3-Il is primarily membrane-
associated, it is not necessarily associated with
autophagosomes as is oftenassumed; the protein is
also found on phagophores, the precur- sors to
autophagosomes, as well as on amphisomes and
phago-somes (see Western blotting and ubiquitin-
like protein conjugation systems).183332333 Along
these lines, yeast Atg8 can associate with the
vacuole membrane independent of lipidation, so
that a punctate pattern does not necessarily
correspond to autophagic compartments.®* Thus,
the use of additional markers is necessary to
specify the identity of an LC3-positive structure;
for example, ATG12-ATG5-ATG16L1 would be
present on a phagophore, but not an
autophagosome, and thus colocalization of LC3
with any of these proteins would indicatethe former
structure. In addition, the site(s) of LC3
conjugationto PE is not definitively known, and
levels of Atg8—PE/LC3-1l can increase even in
autophagy mutants that cannot form auto-
phagosomes.®* One method that can be used to
examine LC3- Il membrane association is
differential extraction in Triton X- 114, which can
be used with mammalian cells,®! or western blot
analysis of total membrane fractions following
solubiliza- tion with Triton X-100, which is helpful
in plants.?!4215 |mpor-tantly, we stress again that
numbers of GFP-LC3 puncta, similar to steady
state LC3-II levels, reflect only a snapshot of the
numbers of autophagy-related structures (e.g.,
autophago- somes) in a cell at one time, not
autophagic flux.

Finally, we offer a general note of caution with
regard to using GFP. First, the GFP tag is large, in
particular relative to the size of LC3; therefore, it is
possible that a chimera may behave differently
from the native protein in some respects. Second,
GFP is not native to most systems, and as such it
may be recognized as an aberrant protein and
targeted for degrada- tion, which has obvious
implications when studying autophagy. Third, some
forms of GFP tend to oligomerize, which may
interfere with protein function and/or localization.
Fourth, EGFP inhibits polyubiquitination3¥® and
may cause defects in other cellular processes. Fifth,
not all LC3 puncta represent LC3-1I and
correspond  to  autophagosomes,!90:191.337.338
Accordingly it would be prudent to complement
any assays that rely on GFP fusions (to Atg8/LC3
or any protein) with additional methods that avoid

the use of this fluorophore. Simi- larly, with the
emergence of  “super-resolution”  microscopy
methods such as photoactivated localization
microscopy (PALM), new tags are being used (e.g.,
the EosFP green to redphotoconvertible fluorescent
protein, or the Dronpa GFP-like protein) that will
need to be tested and validated.>%

Conclusion: GFP-LC3 provides a marker that is
relatively easy to use for monitoring autophagy
induction (based on the appearance of puncta), or
colocalization with cargo; however, monitoring this
chimera does not determine flux unless utilized in
conjunction with inhibitors of lysosomal fusion
and/or deg- radation. In addition, it is recommended
that results obtained by GFP-LC3 fluorescence
microscopy be verified by additionalassays.

e. Tandem mRFP/mCherry-GFP fluorescence microscopy
Alﬂuorescence assay that is designed to monitor flux
relies

on the use of a tandem monomeric RFP-GFP-tagged
LC3(tfLC3; Fig. 11).2%4 The GFP signal is sensitive
to the acidic and/or proteolytic conditions of the
lysosome lumen,



Table 1. Genetic and pharmacological regulation of autophagy.®
Method Comments

1.

20.
.

2.
23.

24.

26.

3-methyladenine A PtdIns3K inhibitor that effectively blocks an early stage of autophagy by inhibiting the class 111
PtdIns3K, but not a specific autophagy inhibitor. 3-MA also inhibits the class | PI3K and can thus,
at suboptimal concentrations in long-term experiments, promote autophagy in some systems, as
well as affect cell survival through AKT and other kinases. 3-MA does not inhibit BECN1-
independent

) §u59ﬁbag¥. . . - I : :
%Qu%%ﬂzoo 10-(4°-N-diethylamino)butyl)-2-chlorophenoxazine; an AKT inhibitor that induces autophagy in

17-AAG An inhibitor of the HSP90-CDC37 chaperone complex; induces autophagy in certain systems
(e.g., neurons), but impairs starvation-induced autophagy and mitophagy in others by
_ promoting the turnover of ULK 1.8 _
Akti-1/2 An allosteric inhibitor of AKT1 and AKT2 that promotes autophagy in B-cell lymphoma, 4%
AR7 ART was developed as a highly potent and selective enhancer of CMA through antagonizing
RARA/RARa; AR7 is the first small moleculedeveloped to selectively stimulate CMA without

affectin macroautopha%y.lf‘% o o _ o
ARN5187 Lysosgmotropic compound with a dual inhibitory activity against the circadian regulator NR1D2/REV-

ERBD and autophagy.™™" . :
ATG4@}gA PPRWactive site mutant of ATG4 that is defective for autophagy. 14

Bafilomycin A1 A V-ATPase inhibitor that causes an increase in lysosomal/vacuolar ‘pH, and, ultimately, blocks
fusion of autophagosomes with thevacuole; the latter may result from inhibition of
ATP2A/SERCA.?%

Betulinic acid A pentacyclic triterpenoid that promotes paralell damage in mitochondrial and lysosomal
compartments, and, ultimately, jeopardizeslysosomal degradative capacity.?*®

Calcium An autophagy activator that can be released from ER or lysosomal stores under stress conditions;
_ however, calcium can also inhibitautophagy. 2261245
Chloroquine, NH4Cl Lysosomotropic compounds that elevate/neutralize the lysosomal/vacuolar pH.*%3
DFMO a-difluoromethylornithine, an irreversible inhibitor of ODC1 (ornithine decarboxylase 1) that blocks
spermidine synthesis and ATG geneexpression.14%°
E-64d A membrane-permeable cysteine protease inhibitor that can block the activity of a subset of

lysosomal hydrolases; should be used incombination with pepstatin A to inhibit lysosomal
protein degradation.
ESC8 A cationic estradiol derivative that induces autophagy and apoptosis simultaneously by

) downregulating the MTOR kinase pathway inbreast cancer cells. . )
(I:El}llﬁg(r)elém‘% An inhibitor of MTORCL1 that induces both autophagy and apoptosis in B-cell lymphoma primary
Fumonisin B1  An inhibitor of ceramide synthesis that interferes with macroautophagy.

Gene deletion  This method provides the most direct evidence for the role of an autophagic component; however,
more than one gene involved inautophagy should be targeted to avoid indirect effects.

HMOX1 induction Mitophagy and the formation of iron-containing cytoplasmic inclusions and corpora amylacea are
accelerated in HMOX1-transfected ratastroglia and astrocytes of GFAP-HMOX1 transgenic mice.
Heme derived ferrous iron and carbon monoxide, products of the HMOX1 reaction, promote
macroautophagy in these cells,1500-1502

Knockdown  This method (including miRNA, RNAI, shRNA and siRNA) can be used to inhibit gene expression
and provides relatively direct evidencefor the role of an autophagic component. However, the
efficiency of knockdown varies, as does the stability of the targeted protein. In addition, more than one

gene involved in autoPhag should be targeted to avoid misinterpretingsjpgsi&ect effects.
KU-0063794 An MTOR inhibitor that binds the catalytic'site and activates autophagy.>**

Leupeptin An inhibitor of cysteine, serine and threonine proteases that can be used in combination with pepstatin
A and/or E-64d to block lysosomal protein degradation. Leupeptin is not membrane permeable, so
) its effect on cathepsins may depend on endocytic activity. _
microRNA  Can be used to reduce the levels of target mMRNA(S) or block translation.
MLN4924 A small molecule inhibitor of NAE (NEDDS activating enzyme);**** induces autophagy by
blockage of MTOR signals via DEPTOR and theHIF1A-DDIT4/REDD1-TSC1/2 axis as a result

of inactivation of CUL/cullin-RING ligases.'%%>150"
AADP-AM  Actjvates the Isysosomal TPCN/two-pore channel and induces aysgphagy.'*
ED-19 Inhibits the lysosomal TPCN and NAADP-induced autophagt;g. _ 15081500
NVP-BEZ235 A dual inhibitor of PIK3CA/p110 and the MTOR catalytic sité that activates autophagy. ="



7.

28.

9.

30.

3.

32
33.

35.

36.
37.

38

3Y.

40,
41,
42,
43.
44,

Pathogen-derived Virally-encoded autophagy inhibitors including HSV-1 ICP34.5, Kaposi sarcoma-associated

herpesvirus vBCL2, -herzpesvirus 68 M11,ASFV vBCL2, HIV-1 Nef and influenza A
_ Virus V19, 56692 56 7 0 . _

Fneggtna] '?n'gﬁon Wﬁﬁlo%oarty protease inhibitor that can be used to partially block lysosomal degradation; should be used

inhibitors such as E-64d. Pepstatin A is not membrane permeable.

Protease inhibitors These chemicals inhibit the degradation of autophagic substrates within the lysosome/vacuole
lumen. A combination of inhibitors (e.g.,leupeptin, pepstatin A and E-64d) is needed for complete
blockage of degradation.

PMI p62 (SQSTM1)-mediated mitophagy inducer is a pharmacological activator of autophagic
selection of mitochondria that operateswithout collapsing the mitochondrial membrane
potential (DCm) and hence by exploiting the autophagic component of the process.’?

Rapamycin Binds to FKBP1A/FKBP12 and inhibits MTORC1; the complex binds to the FRB domain of
MTOR and limits its interaction with RPTOR, thus inducing autophagy, but only providing

partial MTORC1 inhibition. Rapamycin also imgbits east TOR. L
Kel\ﬁ\é%r%ﬁ?lsn A natural polyphenol that affects many proteins™* and induces autophagy via activation of

RNAI Can be used to inhilfit gene expression. , , 513
RSVAs Synthetic small-molectle analogs of resveratrol that potently activate AMPK and induce autophagy.
Saikosaponin-d A natural small-molecule inhibitor of ATP2A/SERCA that induces autophagy and autophagy-

. dei)endent cell death in apoptosis-resistantcells.>* 80,1225
Tat-Beclin 1 A cell penetrating peptide that potently induces macroautophagy. 1%+

Thapsigargin  An inhibitor of ATP2A/SERCA that inhibits autophagic sequestration through the depletion of
intracellular Ca% stores; ?%%° however, thapsigargin may also block fusion of autophagosomes
with endosomes by interfering with recruitment of RAB7, resulting in autophagosome
accumulation. 516

I MS _Inrﬁ_%sisdtr;l,zligglmetnoxystlIbene upregulates the expression ot | RPC4, resulting in M1 OR
inhibition.

lorini A catalyuc Jvi ] OR INnIgItor that [nauces autopnagy ana proviaes more COMpIETe INNINITion tan
rap&n%llgmiﬁﬁlblts aﬂ %rms o* Pragy and p P

I renalose An INUCET,OT AIgpnagy Tat may De relevant Tor e reatment o aiTTerent neurodegenerative
lunicamyer A g1ycosylation INNIDITOr that INAUCes autopnagy aue to ER SIress. ™=

vacuolin-1 A KABbA acuvaror mat reversinly bIOCKS autopnagosome-1ysosome Tusion.
vinpiastne f—\s%e O%%r?&g%%rzg DOTN normal ana acetylated MICrotunules tat INTerteres Witn autopnagosome-
\Avortmannl n inhibitor of PI3K and PtdIns3K that blocks autophagy, but not a specific inhibitor (see 3-MA

above).

IThis table is not meant to be complete, as there are many compounds and genetic methods that regulate autophagy, and new
ones are being discovered routinely.
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Fi?ure 11. The GFP and mRFP signals of tandem fluorescent LC3 (tfLC3, mRFP-GFP-LC3) show different localization patterns. HeLa
cells were cotransfected with plasmids expressing either tfLC3 or LAMP1-CFP. Twenty-four h after transfection, the cells were
starved in Hanks balanced salt solution for 2 h, fixed and analyzed by microscopy.The lower panels are a higher magnification
of the upper panels. Bar: 10 mm in the upper panels and 2 mm in the lower panels. Arrows in the lower panels point to (or mark
the location of) typical examples of colocalized signals of mRFP and LAMP1. Arrowheads point to (or mark the location of)
typical examples of colocalized particlesof GFP and mRFP 5|_9nals. This figure was previously published in ref. 264, and is
reproduced by permission of Landes Bioscience, copyright 2007.

indicates a compartment that has not fused with a

whereas mMRFP is more stable. Therefore,
lysosome, such as the phagophore or an

colocalization of both GFP and mRFP fluorescence



autophagosome. In contrast, a mRFP signal without

GFP corresponds to an amphisome or autolysosome.
Other fluorophores such as mCherry are also suitable
instead of mRFP,*® and an image-recognition
algorithm has beendeveloped to quantify flux of
the reporter to acidified



compartments.®*%-342 One of the major advantages of
the tandem mRFP/mCherry-GFP reporter method is
that it enables simultaneous estimation of both the
induction of autophagy and flux through autophagic
compartments with- out requiring the use of any
lysosomal inhibitors. The com- petence of lysosomal
digestion of the substrate requires additional analysis
using methods described above. The useof more
than one time point allows visualization of
increased early autophagosomes followed by
increases in late autophagosomes as an additional
assurance that flux has been maintained.?*® In
addition, this method can be used to monitor
autophagy in high-throughput drug screen- ing
studies.’*! The quantification of “yellow only”
(where the yellow signal results from merging the red
and green channels) and “red only” dots in a stable
tandem-fluores- cent LC3-reporter cell line can be
automated by a Cellomics microscope that can be
used to assess a huge population of cells (1,000 or
more) over a large number of random fieldsof
view.23334 Notably, organelle-specific variations of
the tandem mMRFP/mCherry-GFP reporter system
have success-fully been used to analyze selective
types of autophagy, such as pexophagy®®* and
mitophagy>*%3*’ in mammalian cells.

An alternative dual fluorescence assay involves
the Rosella pH biosensor. This assay monitors the
uptake of material to the lysosome/vacuole and
complements the use of the tandemmRFP/mCherry-
GFP reporter. The assay is based upon the genetically
encoded dual color-emission biosensor Rosella, a
fusion between a relatively pH-stable fast-maturing
RFP vari- ant, and a pH-sensitive GFP variant. When
targeted to specific cellular compartments or fused to
an individual protein, the Rosella biosensor provides
information about the identity of the cellular
component being delivered to the lysosome/vacuole
for degradation. Importantly, the pH-sensitive dual
color fluo- rescence emission provides information
about the environment of the biosensor during
autophagy of various cellular compo- nents. In yeast,
Rosella has been successfully used to monitor
autophagy of cytosol, mitochondria (mitophagy) and
the nucleus (nucleophagy).34®-3%° Furthermore, the
Rosella biosen- sor can be used as a reporter under
various conditions including nitrogen depletion-
dependent induction of auto- phagy.>*®3*° The
Rosella biosensor can also be expressed in
mammalian cells to follow either nonselective

autophagy (cyto-plasmic turnover), or mitophagy.>*°

Cautionary notes: The use of tandem
mMRFP/mCherry- GFP-LC3/Atg8 reporters in live
imaging experiments can be complicated by the
motion of LC3/Atg8 puncta. As a conse- quence,
conventional confocal microscopy may not allow
visualization of colocalized mRFP/mCherry-GFP
puncta. In this case, GFP colocalized puncta represent
newly formed autophagic structures whereas
mRFP/mCherry-only puncta are ambiguous. Spinning
disk confocal microscopy or rapid acquisition times
may be required for imaging tandemmRFP/mCherry-
GFP proteins, although these techniques require a
brighter fluorescent signal associated with what may
be undesirably higher levels of transgene expression.
One solution is to use the mTagRFP-mWasabi-LC3
chi- mera,®® as mTagRFP is brighter than mRFP1 and
mCherry, and mWasabi is brighter than EGFP.*?
Another possibilityis to use fixed cells; however, this
presents an additional



concern: The use of tandem mRFP/mCherry-GFP
relies onthe quenching of the GFP signal in the
acidic autolysosome; however, fixation solutions
are often neutral or weak bases, which will
increase the pH of the entire cell. Accordingly,
the GFP signal may be restored after fixation (Fig.
12), which would cause an underestimation of the
amount of signal that corresponds only to RFP
(i.e., in the autolyso-some). Thus, the tissue or cell
samples must be properly processed to avoid losing
the acidic environment of the autolysosomes. In
addition, there may be weak fluorescence of EGFP
even in an acidic environment (pH between 4 and
5).263331 Therefore, it may be desirable to choose a
mono- meric green fluorescent protein that is more
acid sensitivethan EGFP for assaying autophagic
flux.

Another caution in the interpretation of the
tandem fluores- cent marker is that colocalization
of GFP and mRFP/mCherry might also be seen in
the case of impaired proteolytic degrada- tion
within autolysosomes or altered lysosomal pH.
Finally, expression of tandem mRFP-GFP-LC3 is
toxic to some cancercell lines relative to GFP-LC3
or RFP-LC3 (K.S. Choi, personalcommunication).
The cytotoxicity of DsRed and its variants such as
mRFP1 is associated with downregulation of
BCL2LY/ Bel-x.®3 In contrast to mRFP-GFP-
LC3, overexpression of mTagRFP-mWasabi-LC3
does not appear to be toxic to HelLa cells (J. Lin,
personal communication).

The Rosella assay has not been tested in a
wide range ofmammalian cell types. Accordingly,
the sensitivity and the spec-ificity of the assay
must be verified independently until thismethod
has been tested more extensively and used more
widely.

Finally, it may be desirable to capture the
dynamic behavior of autophagy in real time, to
generate data revealing the rate offormation and
clearance of autophagosomes over time, rather than
single data points. For example, by acquiring
signals from2 fluorescent constructs in real time,
the rate of change in colocalization signal as a
measure of the fusion rate and recy- cling rate
between autophagosomes and lysosomes can be
assessed.®®* Importantly, due to the integral
dynamic relation- ship of autophagic flux with the
onset of apoptosis and necro- sis, it is advantageous
to monitor cell death and autophagic flux
parameters concomitantly over time, which FRET-

basedreporter constructs make possible.3*

In addition, as the metabolic control of autophagy
is becom-ing increasingly clear, highlighting a tight
network between the autophagy machinery, energy
sensing pathways and the cell’s metabolic
circuits, %" mitochondrial parameters such as fis-
sion and fusion rate as well as the cell’s ATP demand
should bemonitored and correlated with autophagic
flux data. This will provide a better understanding of

the variability of autophagy and cell death
susceptibility.
Tandem fluorescent markers show real-time

changes in auto-phagosome fusion with lysosomes,
due to entry into an acidic environment; however,
fusion is not definitive evidence of sub- strate or
carrier degradation. Lysosomes may be able to fuse, but
be unable to degrade newly delivered cargo, as
occurs in some lysosomal storage diseases. Best
practice would be to perform an autophagic flux assay
in parallel with quantification of tandem fluorescent
markers to confirm completion of carrier flux.

Conclusion: The use of tandem fluorescent
constructs, which display different emission signals
depending on the
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Figure 12. GFP fluorescence in the autolysosome can be recovered upon neutralization of the pr. (A) GFP-LC3 emits green
fluorescence in the autoI?/sosomes of post- mortem processed heart sections. Cryosections of 3.8% paraformaldehyde-fixed
ventricular myocardium from 3-wk-old GFP-LC3 transgiemc mice at the baseline (control)or starved for 24 h (starved) were

rocessed for immunostaining using a standard protocol (buffered at pH 7.4). Most of the GFP-LC3 puncta are positive for

AMP1, sug-gesting that the autolysosomes had recovered GFP fluorescence. (B) Colocalization between GFP-LC3 direct
fluorescence (green) and indirect immunostaining for GFP (red). Sections processed as in (A) were immunostained for GFP
using a red ﬂuorescence-ta(};]ged secondary antibody, and the colocalization with GFP fluorescence was examined by confocal
microscopy. Almost all of the red puncta emit green fluorescence. Image provided by Xuejun Wang.



environment (in particular, GFP fluorescence is
sensitive to an acidic pH), provides a convenient way
to monitor autophagic flux in many cell types.

f. Autophagic flux determination using flow
andmultispectral imaging cytometry

Whereas fluorescence microscopy, in combination
with novel autophagy probes, has permitted single-
cell analysis of autopha- gic flux, automation for
allowing medium- to high-throughput analysis has
been challenging. A number of methods have been
developed that allow the determination of autophagic
flux using flow cytometry,?25311327.358-361  gng
commercial kits are now available for monitoring
autophagy by flow cytometry. These approaches
make it possible to capture data or, in specialized
instruments, high-content, multiparametric images of
cells in flow (at rates of up to 1,000 cells/sec for
imaging, and higher innonimaging flow cytometers),
and are particularly useful for cells that grow in
suspension. Optimization of image analysis permits
the study of cells with heterogeneous LC3 puncta,
thusmaking it possible to quantify autophagic flux
accurately in sit-uations that might perturb normal
processes (e.g., microbial infection).*®%32 Since
EGFP-LC3 is a substrate for autophagicdegradation,
total fluorescence intensity of EGFP-LC3 can be
used to indicate levels of autophagy in living
mammalian cells.3>® When autophagy is induced, the
decrease in total cellu- lar fluorescence can be
precisely quantified in large numbers of cells to
obtain robust data. In another approach, soluble
EGFP-LC3-I can be depleted from the cell by a brief
saponin extraction so that the total fluorescence of
EGFP-LC3 then represents that of EGFP-LC3-II
alone (Fig. 13A).%2632" Since EGFP-LC3 trans-
fection typically results in high relative levels of
EGFP-LC3-I,this treatment significantly reduces the
background fluorescencedue to nonautophagosome-
associated reporter protein. By com- paring
treatments in the presence or absence of lysosomal
deg-radation inhibitors, subtle changes in the flux
rate of the GFP- LC3 reporter construct can be
detected. If it is not desirable to

treat cells with lysosomal inhibitors to determine
rates of auto-phagic flux, a tandem mRFP/mCherry-
EGFP-LC3 (or similar) construct can also be used for
autophagic flux measurements in flow cytometry
experiments (see Tandem mRFP/mCherry-GFP

fluorescence microscopy).3*®
These methods, however, require the cells of
interest to be

transfected with reporter constructs. Since the
saponin extrac- tion method can also be combined
with intracellular staining for endogenous LC3
protein, subtle changes in autophagic flux can be
measured without the need for reporter transfections
(Fig. 13B).

Cautionary notes: Care must be taken when
applying flow cytometry measurements to adherent
cells, particularly neurons and other cells with
interdigitated processes, as the preparationof single
cell suspensions entails significant levels of plasma
membrane disruption and injury that can secondarily
induce autophagy.

Users of the saponin extraction method should
carefully titrate saponin concentrations and times of
treatment to ensure specificextraction of LC3-1 in their
systems. Also, it has been observed insome cell types
that saponin treatment can lead to nonautophagic
aggregation of LC3,%2® which should be controlled
for in these assays (see GFP-Atg8/LC3 fluorescence

microscopy).

Cell membrane permeabilization with digitonin and
extrac-

tion of the nonmembrane-bound form of LC3 allows
combined staining of membrane-associated LC3-II
protein and any markers for detection of autophagy
in relation to other cellular events/processes. Based
on this approach, a method for moni- toring
autophagy in different stages of the cell cycle was
devel- oped.®® Thus, the presence of basal or
starvation-induced autophagy is detected in G, S,
and G2/M phases of the cell cycle in MEFs with
doxycycline-regulated ATG5 expression. In these
experiments cells were gated based on their DNA
contentand the relative intensity of GFP-LC3-Il and
LC3-11 expression. This approach might also be used
for the detection of autopha-gic flux in different
stages of the cell cycle or subG: apoptotic
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Figure 13, Saponin extraction allows quantification of LC3-II fluorescence by FACS, (A) Schematic diagram of the effects of
the saponin wash. Due to the reorganization ofthe EGFP-LC3 reporter protein, induction of autophagosome formation does not
change the total levels of fluorescence in EGFP-LC3-transfected cells. However, extractionof EGFP-LC3-1 with saponin results
in a higher level of fluorescence in cells with proportionally higher levels of EGFP-LC3-11-containing autophagosomes. This
figure was previously published in ref. 327. (B) Saponin extraction can also be used to measure flux of endogenous LC3 protein.
Human osteosarcoma cells were starved of amino acids and serum by incubation in EBSS, for the indicated times in the presence
or absence of a 1 h chloroquine (50 mM) treatment. Cells were then washed with PBS con-

taining 0.05% saponin and processed for FACS analysis for endogenous LC3. Image provided by K.E. Eng and G.M.
Mcinerney.
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Figure 14. Assessing autophagy with multispectral imaging cytometry. (A) Bright Detail Intensity (BDI) measures the
foreground intensity of bright puncta (that are 3 pix-els or less) within the cell image. For each cell, the local background around
the spots is removed before intensity calculation. Thus, autophagic cells with puncta have higher BDI values. (B) Media control
(untreated wild type), rapamycin-treated wild-type and atg5” MEFs were gated based on BDI. Representative images of cells
with high or low BDI values. Scale bar: 10 mm. Images provided by M.L. Albert.

cell population by measuring accumulation of LC3-
Il in the presence or absence of lysosomal inhibitors.

Although GFP-LC3 can be used as a reporter for
flow cytometry, it is more stable (which is not
necessarily idealfor flux measurements) than GFP-
SQSTM1 or GFP-NBR1 (NBR1 is a selective
autophagic substrate with structural similarity to
SQSTM13%%). GFP-SQSTM1 displays the largest
magnitude change following the induction of
autophagy by amino acid deprivation or rapamycin
treatment, and may thus be a better marker for
following autophagic flux by this method
(confirmed in SH-SY5Y neuronal cell lines sta- bly
expressing GFP-SQSTM1; E.M. Valente, personal
communication).®®®

Conclusion: Medium- to high-throughput analysis
of auto- phagy is possible using flow and
multispectral imaging cytome- try (Fig. 14). The
advantage of this approach is that larger numbers of

cells can be analyzed with regard to GFP-LC3 puncta,
cell morphology and/or autophagic flux, and concomi-
tant detection of surface markers can be included,
potentially providing more robust data than is achieved
with other meth- ods. A major disadvantage, however, is
that flow cytometry only measures changes in total GFP-
LC3 levels, which can be subjectto modification by
changes in transcription or translation, or bypH, and
this approach cannot accurately evaluate localization



(e.q., to autophagosomes) or lipidation (generation
of LC3-11) without further permeabilization of the
cell.

g. Immunohistochemistry

Immunodetection of ATG proteins (particularly
LC3 and BECNL) has been reported as a prognostic
factor in various human carcinomas, including
lymphoma, 7% preast carci-noma,*®” endometrial
adenocarcinoma,®®83%° head and neck squamous
cell carcinoma,70-372 hepatocellular
carcinoma,®3 gliomas,3” non-small cell lung
carcinomas,®®  pancreatic®’”  and  colon
adenocarcinomas,®’®-38 as well as in cutaneous and
uvealmelanomas.®®1:382 Unfortunately, the reported
changes often reflect overall diffuse staining
intensity rather than appropriately
compartmentalized puncta.  Therefore, the
observation of increased levels of diffuse LC3
staining (which may reflect a decrease in
autophagy) should not be used to draw conclusions
that autophagy is increased in cancer or other tissue
samples. Importantly, this kind of assay should be
performed as recom- mended by the Reporting
Recommendations for Tumor Marker Prognostic
Studies (REMARK).2® As we identify new drugs
for modulating autophagy in clinical a