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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 have
entered the field. Our knowledge base and relevant new tech-
nologies have also been expanding. Accordingly, it is important
to 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, there
continues 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 those
that measure flux through the autophagy pathway (i.e., the com-
plete process including the amount and rate of cargo sequestered
and degraded). In particular, a block in macroautophagy that
results in autophagosome accumulation must be differentiated
from stimuli that increase autophagic activity, defi





not seen in animal cells, because lysosomes/autolysosomes are
typically smaller than autophagosomes.



indeed, it may be possible to execute “self-eating” in the
absence of LC3-II.27

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 cell
is 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), or
that 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,2 the methods were
separated 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 approach
can 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.28-43,44 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 autophagy
in eukaryotes.

A. Methods for monitoring autophagy

1. Transmission electron microscopy

Autophagy was first detected by TEM in the 1950s (reviewed in
ref. 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



nonselective autophagy, autophagosomes contain cytosol and/
or organelles appearing morphologically intact as also
described above.48,53 Amphisomes54 can sometimes be identi-
fied by the presence of small intralumenal vesicles.55 These
intralumenal vesicles are delivered into the lumen by fusion of
the autophagosome/autophagic vacuole (AV) limiting

membrane with multivesicular endosomes, and care should
therefore 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).56

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);48,53

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]57,58) that is detected on
the limiting membrane of the lysosome.59 Smaller, often elec-
tron dense, lysosomes may predominate in some cells and
exhibit hydrolase immunoreactivity within the lumen and on
the limiting membrane.60

In addition, structural proteins of the lysosome/late endo-





acidic environment of the autolysosome, some of the GFP
puncta 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.87 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



presumably plants) is also quickly broken down under normal





Conclusion: EM is an extremely informative and powerful
method for monitoring autophagy and remains the only technique
that 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 to
ensure 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 conjugation
systems
The Atg8/LC3 protein is a ubiquitin-like protein that can be
conjugated to PE (and possibly to phosphatidylserine137). 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-16.138

After cleavage of the precursor protein mostly by the cysteine
protease ATG4B,139,140 the nonlipidated and lipidated forms
are usually referred to respectively as LC3-I and LC3-II, 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



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 proteins160],
a major suppressor of autophagy induction),161,162 or by

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 A1, NH4Cl
or chloroquine158,163,164). Western blotting can be used to



monitor changes in LC3 amounts (Fig. 6);26,165 however, even



mucin secretion by goblet cells.187 Therefore, in studies of
infection of mammalian cells by bacterial pathogens, the iden-
tity of the LC3-II labeled compartment as an autophagosome
should be con



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).141,209 Certain types of mitophagy induced by BNIP3L/
NIX are highly dependent on GABARAP and less dependent
on LC3 proteins.210,211 Furthermore, commercial antibodies for
GABARAPL1 also recognize GABARAP,138,143 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 blot
because 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-I or GABARAPL1-I and



amount of autophagy induced by transfection of a control
empty 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





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



the autophagic/degradative machinery appears to be too effi-
cient to allow the accumulation of the proteolytic fragment
(Fig. 8B,C).37,257 Hence, a reduction in the intensity of the free





The pH optimum of EGFP is important to consider when
using GFP-LC3 constructs, as the original GFP-LC3 marker269

uses the EGFP variant, which may result in a reduced signal
upon the formation of amphisomes or autolysosomes. An addi-
tional caveat when using the photoactivatable construct PA-
GFP263 is 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 for
5 min may be needed to prevent the folded protein from being
trapped in the stacking gel during SDS-PAGE.



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-



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 cell
morphology, 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 highly
recommended. If cells are rounding up due to apoptosis or
mitosis, it is easy to automatically remove them from analysis





Table 1. Genetic and pharmacological regulation of autophagy.1

Method Comments



whereas mRFP is more stable. Th



compartments.340-342 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 use
of 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.343 In addition, this method can be
used to monitor autophagy in high-throughput drug screen-
ing studies.341 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







cell population by measuring accumulation of LC3-II 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 ideal
for flux measurements) than GFP-SQSTM1 or GFP-NBR1
(NBR1 is a selective autophagic substrate with structural
similarity to SQSTM1364). 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).365

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







To conclusively establish S



subunits. The enzyme activity of AMPK is dependent on phos-



better method for monitoring MTORC1 activity than follow-
ing the phosphorylation of proteins such as RPS6, because
the latter is not a direct substrate of MTORC1 (although
RPS6 phosphorylation is a good readout for RPS6KB1/2
activities, which are directly dependent on MTOR), and it
can also be phosphorylated by other kinases such as
RPS6KA/RSK. Furthermore, the mechanisms that determine
the selectivity as well as the sensitivity of MTORC1 for its
substrates seem to be dependent on the integrity and confi





complex under different conditions. Therefore, caution should
be used in monitoring ULK1 phosphorylation or the status of
ULK1 association with AMPK until these issues are resolved.

Conclusion: Assays for Atg1/ULK1 can provide detailed
insight into the induction of autophagy, but they are not a
direct measurement of the process. Similarly, since MTOR sub-



c. ATG14
Yeast Atg14 is the autophagy-specific subunit of the Vps34 com-
plex I,545 and a human homolog, named ATG14/ATG14L/BAR-
KOR, has been identified.546-549 ATG14 localizes primarily to
phagophores. The C-terminal fragment of the protein, named
the BATS domain, is able to direct GFP and BECN1 to autopha-
gosomes in the context of a chimeric protein.550 ATG14-GFP or
BATS-GFP detected by fluorescence microscopy or TEM can be
used as a phagophore marker protein; however, ATG14 is not
localized exclusively to phagophores, as it can also be detected
on mature autophagosomes as well as the ER.550,551 Accordingly,
detection of ATG14 should be carried out in combination with
other phagophore and autophagosome markers. A good anti-



efficient and reliable opportunity to combine the detection of



i. STX17



increase in LC3B expression is detected in neural stem cells
undergoing autophagy induction.605 Increased expression of
Atg5 in vivo after optic nerve axotomy in mice606 and
increased expression of Atg7, Becn1 and Lc3a during neuro-
genesis at different embryonic stages in the mouse olfactory
bulb are also seen.607 LC3 and ATG5 are not required for the
initiation of autophagy, but mediate phagophore expansion
and autophagosome formation. In this regard, the transcrip-



and challenges of specialized topics/model systems. C. ele-
gans).624,629,1704 Such prolonged induction of the expression of
ATG genes has been thought to allow the replenishment of crit-
ical proteins (e.g., LC3 and GABARAP) that are destroyed dur-
ing autophagosome fusion with the lysosome.630 The
polyamine spermidine increases life span and induces auto-
phagy in cultured yeast and mammalian cells, as well as in
nematodes and flies. In aging yeast, spermidine treatment trig-
gers epigenetic deacetylation of histone H3 through inhibition
of histone acetyltransferases, leading to significant upregulation
of various autophagy-related transcripts.631

In addition to the ATG genes, transcriptional upregulation
of VMP1 (a protein that is involved in autophagy regulation
and that remains associated with the completed autophago-
some) can be detected in mammalian cells subjected to rapa-
mycin treatment or starvation, and in tissues undergoing
disease-induced autophagy such as cancer.632 VMP1 is an
essential autophagy gene that is conserved from Dictyostelium
to mammals,322,633 and the VMP1 protein regulates early steps
of the autophagic pathway.561 VMP1 is poorly expressed in
mammalian cells under nutrient-normal conditions, but is
highly upregulated in cells undergoing autophagy, and the
expression of VMP1 induces autophagosome formation. The
GLI3 transcription factor is an effector of KRAS that regulates
the expression and promoter activity of VMP1, using the his-
tone acetyltransferase EP300/p300 as a co-activator.634

A gene regulatory network, named CLEAR (coordinated
lysosomal expression and regulation) that controls both lyso-
some and autophagosome biogenesis was identified using a
systems-biology approach.625,635,636 The basic helix-loop-
helix transcription factor TFEB acts as a master gene of the
CLEAR network and positively regulates the expression of
both lysosomal and autophagy genes, thus linking the
biogenesis of 2 distinct types of cellular compartments that
cooperate in the autophagic pathway. TFEB activity is regu-



8. Posttranslational modification of ATG proteins



One of the most useful methods for monitoring auto-
phagy in Saccharomyces cerevisiae is the Pho8D60 assay.
PHO8 encodes a vacuolar phosphatase, which is synthesized
as a zymogen before finally being transported to and acti-
vated in the vacuole.677 A molecular genetic modification
that eliminates the first 60 amino acids prevents the mutant
(Pho8D60) from entering the ER, leaving the zymogen in
the cytosol. When autophagy is induced, the mutant zymo-
gen is delivered to the vacuole nonselectively inside auto-
phagosomes along with other cytoplasmic material. The
resulting activation of the zymogen can be easily measured
by enzymatic assays for phosphatase activity.261 To mini-
mize background activity, it is preferable to have the gene
encoding the cytosolic phosphatase (PHO13) additionally
deleted (although this is not necessary when assaying cer-
tain substrates).

Cautionary notes: Measuring the degradation of long-lived
proteins requires prior radiolabeling of the cells, and subse-
quent separation of acid-soluble from acid-insoluble radioactiv-
ity. The labeling can be done with relative ease both in cultured
cells and in live animals.3 In cells, it is also possible to measure
the release of an unlabeled amino acid by chromatographic
methods, thereby obviating the need for prelabeling;678 how-
ever, it is important to keep in mind that amino acid release is



observation of peroxisome-vacuole dynamics with the single
FITC filter set, or GFP-catalase) can also be followed by fluores-
cence microscopy.553,683,689-691 In addition, yeast mitophagy
requires both the Slt2 and Hog1 signaling pathways; the activa-
tion and phosphorylation of Slt2 and Hog1 can be monitored
with commercially available phospho-specific antibodies
(Fig. 20).508 It is also possible to monitor pexophagy in yeasts
by the disappearance of activities of specific peroxisome
markers such as catalase, alcohol oxidase or amine oxidase in
cell-free extracts,692 or permeabilized cell suspensions. Catalase
activity, however, is a useful marker only when peroxisomal
catalases are the only such enzymes present or when activities



PMN can be monitored using the proteins that are associated
with the NVJs as markers. To quantitatively follow PMN, an
assay analogous to the above-described GFP-Atg8/LC3 proc-
essing assay has been established using either GFP-Swh1/Osh1
or Nvj1-GFP. These GFP chimeras are, together with the
PMN-vesicles, degraded in the vacuole. Thus, the formation of
the relatively proteolysis-resistant GFP detected in western
blots correlates with the PMN rate. In fluorescence microscopy,
PMN can be visualized with the same constructs, and a chimera
of mCherry fused to a nuclear localization signal (NLS-
mCherry) can also be used. To assure that the measured PMN
rate is indeed due to selective micronucleophagy, appropriate
controls such as cells lacking Nvj1 or Vac8 should be included.
Detailed protocols for the described assays are provided in
ref. 719.

Late nucleophagy (LN) is another type of selective degra-
dation of the nucleus, which specifically targets bulk nucleo-
plasm for degradation after prolonged periods (20–24 h) of
nitrogen starvation.720 LN induction occurs in the absence
of the essential PMN proteins Nvj1 and Vac8 and, there-
fore, the formation of NVJs. Although some components of
the core Atg machinery are required for LN, Atg11 and the
Vps34-containing PtdIns3K complex I are not needed. LN
can be monitored by employing a nuclear-targeted version
of the Rosella biosensor (n-Rosella) and following either its
accumulation (by confocal microscopy), or degradation (by
immunoblotting), within the vacuole.720 Dual labeling of
cells with Nvj1-EYFP, a nuclear membrane reporter of
PMN, and the nucleoplasm-targeted NAB35-DsRed.T3
(NAB35 is a target sequence for the Nab2 RNA-binding
protein, and DsRed.T3 is the pH-stable, red fluorescent
component of n-Rosella) allows detection of PMN soon
after the commencement of nitrogen starvation, whereas
delivery to the vacuole of the nucleoplasm reporter, indica-
tive of LN, is observed only after prolonged periods of
nitrogen starvation. Few cells show simultaneous accumula-
tion of both reporters in the vacuole indicating PMN and
LN are temporally and spatially separated.720

In contrast to unicellular yeasts, filamentous fungi form an
interconnected mycelium of multinucleate hyphae containing
up to 100 nuclei in a single hyphal compartment. A mycelial
colony grows by tip extension with actively growing hyphae at
the colony margin surrounded by an older, inner hyphal net-
work that recycles nutrients to fuel the hyphal tips. By labeling
organelle markers with GFP it is possible to show in Aspergillus
oryzae that macroautophagy mediates degradation of basal
hyphal organelles such as peroxisomes, mitochondria and
entire nuclei.



band is observed. However, as with animal systems (see Animal
mitophagy and pexophagy), it would be prudent to follow more
than one GFP-tagged protein, as the kinetics, and even the
occurrence of mitophagic traffi



Ub could also be detected in mouse primary neurons upon
mitochondrial depolarization. Furthermore, the p-S65-Ub sig-
nal partially colocalizes with mitochondrial, lysosomal, and
total ubiquitin markers in cytoplasmic granules that appear to
increase with age and disease in human postmortem brain sam-
ples.744 Along with the excellent performance of p-S65-Ub anti-
bodies in a range of applications, these findings highlight the
potential for future biomarker development.





mitochondrial content in response to mitophagic stimuli (in
the presence and absence of autophagy inhibitors to assess
the contribution of mitophagy) in live or fixed cells can be
quantified at the single-cell level as the percentage of cytosol
occupied by mitochondrial-specific fluorescent pixels using
NIH ImageJ.758 Immunoblot analysis of the levels of mito-
chondrial proteins from different mitochondrial subcompart-
ments is valuable for validating the data from flow cytometry
or microscopy studies, and it should be noted that outer
mitochondrial membrane proteins in particular can be
degraded by the proteasome, especially in the context of
mitochondrial depolarization.761,762 EM can also be used to
verify loss of entire mitochondria, and PCR (or fluorescence
microscopy) to quantify mitochondrial DNA (mtDNA). A
reliable estimation of mtDNA can be performed by real-time
PCR of the MT-ND2 (mitochondrially encoded NADH
dehydrogenase 2) gene expressed as a ratio of mtDNA:



proliferator-activated receptors.



and newly developing tissues. As such, the turnover of these
organelles has long been considered to occur via an autophagy-
type mechanism. However, while the detection of chloroplasts
within autophagic body-like vesicles or within vacuole-like
compartments has been observed for decades, only recently has
a direct connection between chloroplast turnover and auto-
phagy been made through the analysis of atg mutants com-
bined with the use of fluorescent ATG8 reporters.799,800 In fact,
it is now clear that chlorophagy, the selective degradation of
chloroplasts by macroautophagy, can occur via several routes,
including the encapsulation of whole chloroplasts, or the bud-
ding of chloroplast material into small distinct autophagic
vesicles called Rubisco-containing bodies (RCBs) and ATI1
plastid-associated bodies (ATI-PS), which then transport chlo-
roplast cargo to the vacuole.799,801



their cytoplasmic cargo, and transform into lytic vacuoles. Intra-
plastidial autophagy has been reported in plastids of suspensor
cells of Phaseolus coccineus811 and Phaseolus vulgaris,812 where
plastids transformed into autophagic vacuoles during the senes-
cence of the suspensor. This process was also demonstrated in
petal cells of Dendrobium813 and in Brassica napus microspores
experimentally induced towards embryogenesis.814 All these
reports established a clear link between these plastid transforma-
tions and their engagement in autophagy. At present, descrip-
tions of this process are limited to a few, specialized plant cell







(pathogen)-specific autophagic flux to understand the true
nature of the perturbation of infecting pathogens on autophagy
(D. Kumar, personal communication). Furthermore, this con-
sideration particularly limits the sensitivity of LC3 western
blots for use in monitoring autophagy regulation.

q. Zymophagy
Zymophagy was originally defined as a specific mechanism that
eliminates pancreatitis-activated zymogen granules in the pan-
creatic acinar cells and, thus, prevents deleterious effects of pre-
maturely activated and intracellularly released proteolytic
enzymes, when impairment of secretory function occurs.909

Therefore, zymophagy is primarily considered to be a protec-
tive mechanism implemented to sustain secretory homeostasis
and to mitigate pancreatitis. The presence of zymogen granules,
however, is not only attributed to pancreatic acinar cells. Thus,
zymophagy was also reported in activated secretory Paneth
cells of the crypts of Lieberkuhn in the small intestine.910 Note
that one of the major functions of Paneth cells is to prevent
translocation of intestinal bacteria by secreting hydrolytic
enzymes and antibacterial peptides to the crypt lumens. The
similarity in mechanisms of degradation of secretory granules
in these 2 different types of secretory cells sustains the concept
of the protective role of autophagy when “self-inflicted” damage
may occur due to overreaction and/or secretory malfunction in
specialized cells.

Zymophagy can be monitored by TEM, identifying autopha-
gosomes containing secretory granules, by following SQSTM1
degradation by western blot, and by examining the subcellular
localization of VMP1-EGFP, which relocates to granular areas
of the cell upon zymophagy induction. Colocalization of
PRSS1/trypsinogen (which is packaged within zymogen gran-
ules) and LC3, or of GFP-ubiquitin (which is recruited to the
activated granules) with RFP-LC3 can also be observed by indi-
rect or direct immunofluorescence microscopy, respectively.





fragments. Thus, DQ-BSA is useful for detecting intracellular
proteolytic activity as a measure of a functional lysosome.930

Furthermore, DQ-BSA labeling can be combined with
GFP-LC3 to monitor colocalization, and thus visualize the con-
vergence, of amphisomes with a functional degradative com-
partment (DQ-BSA is internalized by endocytosis). This
method can also be used to visualize fusion events in real-time
experiments by confocal microscopy (live cell imaging). Along
similar lines, other approaches for monitoring convergence are
to follow the colocalization of RFP-LC3 and LysoSensor Green
(M. Bains and K.A. Heidenreich, personal communication),
mCherry-LC3 and LysoSensor Blue,332 or tagged versions of
LC3 and LAMP1 (K. Macleod, personal communication) or
CD63331 as a measure of the fusion of autophagosomes with
lysosomes. It is also possible to trace autophagic events by visu-
alizing the pH-dependent excitation changes of the coral pro-
tein Keima.760 This quantitative technique is capable of
monitoring the fusion of autophagosomes with lysosomes, that
is, the formation of an autolysosome, and the assay does not
depend on the analysis of LC3.

Cautionary notes: Some experiments require the use of
inhibitors (e.g., 3-MA or wortmannin) or overexpression of
proteins (e.g., RAB7 dominant negative mutants) that may also
affect the endocytic pathway or the delivery of DQ-BSA to lyso-
somes (e.g., wortmannin causes the swelling of late endo-
somes931). In this case, the lysosomal compartment can be



including “Balch” or “Dounce” homogenizers also work
well.946,947 During the isolation procedure it is essential to
always use iso-osmotic solutions to avoid hypotonic or hyper-
tonic disruption of the organelles. In that respect, because lyso-



as well considering the role of autophagy in neurodegeneration,
myopathies and cardiac disease where samples may be limited
to biopsy/autopsy tissue. Immunodetection of LC3 as definite
puncta is possible in paraffin-embedded tissue sections and
fresh frozen tissue, by either IHC or immunofluores-
cence;197,958-964 however, this methodology has not received
extensive evaluation, and does not lend itself well to dynamic
assays. Other autophagic substrates can be evaluated via IHC
and include SQSTM1, NBR1, ubiquitinated inclusions and pro-
tein aggregates. Similarly, autophagy can be evaluated by mea-
suring levels of these autophagic substrates via traditional
immunoblot; however, their presence or absence needs to be
cautiously interpreted as some of these substrates can accumu-
late with either an increase or a decrease in autophagic flux (see
SQSTM1 and related LC3 binding protein turnover assays).
Bone marrow transfer has been used to document in vivo the
role of autophagy in the reverse cholesterol transport pathway
from peripheral tissues or cells (e.g., macrophages) to the liver
for secretion in bile and for excretion,965 and a study shows
that TGM2 (transglutaminase 2) protein levels decrease in
mouse liver in vivo upon starvation in an autophagy-dependent
manner (and in human cell lines in vitro in response to various
stimuli; M. Piacentini, personal communication), presenting
additional possible methods for following autophagy activity.
In that respect, it is noteworthy to mention that TGM2 can
negatively affect autophagy by modifying ITPR1 (inositol 1,4,5-
trisphosphate receptor, type 1) and suppressing its Ca2C-release
activity.966

It is also possible to analyze tissues ex vivo, and these studies
can be particularly helpful in assessing autophagic flux as they
avoid the risks of toxicity and bioavailability of compounds
such as bafilomycin A1 or other autophagy inhibitors. Along
these lines, autophagic flux can be determined by western blot
in retinas placed in culture for 4 h with protease inhibi-
tors.967,968 This method could be used in tissues that can remain
“alive” for several hours in culture such as the retina,967,968

brain slices,950,969 and spinal cord slices.970

Several studies have demonstrated the feasibility of monitor-
ing autophagic flux in vivo in skeletal muscle. Starvation is one
of the easiest and most rapid methods for stimulating the auto-
phagic machinery in skeletal muscles. 12 h of fasting in mice
may be sufficient to trigger autophagy in muscle,971,972 but the
appropriate time should be determined empirically. It is also
important to consider that the expression of autophagy-related
factors, as well as the autophagic response to various stimuli
and disease states, can differ between muscles of different fiber
type, metabolic, and contractile properties.153,974-976 Thus,
which muscle(s) or portion of muscle(s) used for analysis
should be carefully considered and clearly outlined. Although
food deprivation does not induce detectable macroautophagy
in the brain it induces macroautophagy in the retina, and by
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control is not suf



closely related to their cardiac abnormalities. There is also
evidence for altered autophagy in pancreatic beta
cells,1038,1039 and in adipocytes 217,1040,1041 of patients with
type 2 diabetes.1042 However, autophagy also plays an



autophagy). (c) A distinct mechanism of cell death, indepen-
dent of apoptosis or necrosis. Clearly claim (b) is stronger than
claim (a), and needs to be justified by proof that inhibiting
autophagy, through either genetic or chemical means, prevents
cell death.1086 Claim (c) is still stronger, because, even if the cell
death is blocked by autophagy inhibition, proof needs to be
provided that the cell death mechanism is not apoptosis or
necrosis.1087 In view of the current confusion it may be prefera-
ble to replace the term “autophagic cell death” by other terms
such as “autophagy-associated cell death” or “autophagy-medi-
ated cell death,” unless the criteria in claim (c) above have been
satisfied. Along these lines, it is preferable to use the term
“autophagy-dependent cell death” instead of “autophagy-medi-
ated cell death” when it is proven that autophagy is a pre-requi-
site for the occurrence of cell death, but it is not proven that
autophagy mechanistically mediates the switch to cell death. It
is important to note that a stress/stimulus can in many circum-
stances induce different cell death pathways at the same time,
which might lead to a “type” of cell death with mixed pheno-
types.1088,1089 Furthermore, inhibition of one cell death pathway
(e.g., apoptosis) can either induce the compensatory activation
of a secondary mechanism (e.g., necrosis),1090,1091 or attenuate
a primary mechanism (e.g., liponecrosis).1088



the protein associated with lysosomes. The increase in
association of the putative substrate under conditions
that upregulate CMA (such as prolonged starvation) or
upon blockage of lysosomal proteases (to prevent the
degradation of the protein) helps support the hypothesis
that the protein of interest is a CMA substrate. However,
association with lysosomes is necessary but not sufficient
to consider a protein an authentic CMA substrate,
because proteins delivered by other pathways to lyso-
somes will also behave in a similar manner. A higher
degree of confidence can be attained if the association is
preferentially with the subset of lysosomes active for
CMA (i.e., those containing HSPA8 in their lumen),
which can be separated from other lysosomes following
published procedures.948

c. Co-immunoprecipitation of the protein of interest with
cytosolic HSPA8. Due to the large number of proteins
that interact with this chaperone, it is usually better to
perform affinity isolation with the protein of interest and
then analyze the isolated proteins for the presence of
HSPA8 rather than vice versa.

d. Co-immunoprecipitation of the protein of interest with
LAMP2A.1108 Due to the fact that the only antibodies
specific for the LAMP2A variant (the only 1 of the 3
LAMP2 variants involved in CMA92,1109) are generated
against the cytosolic tail of LAMP2A, where the substrate





of ESCRTI and II (e.g., VPS4 and TSG101) inhibits e-MI but
not CMA. (d) Interfering with the capability to unfold the
substrate protein blocks its degradation by CMA, but does
not affect e-MI of the protein. In this respect, soluble proteins,
oligomers and protein aggregates can undergo e-MI, but only
soluble proteins can be CMA substrates. (e) In vitro uptake of
e-MI substrates can be reconstituted using isolated late endo-
somes whereas in vitro uptake of CMA substrates can only be
reconstituted using lysosomes.

Another pathway that needs to be considered relative to
CMA is chaperone-assisted selective autophagy (CASA).1116

CASA is dependent on HSPA8 and LAMP2 (although it is not
yet known if it is dependent solely on the LAMP2A isoform).
Thus, a requirement for these 2 proteins is not sufficient to con-
clude that a protein is degraded by CMA. It should also be
noted that LAMP1 and LAMP2 share common function as
revealed by the embryonic lethal phenotype of lamp1-/- lamp2y/-

double-deficient mice.1117 In addition to CMA, LAMP2 is
involved in the fusion of late endosomes and autophagosomes
or phagosomes.1118,1119 LAMP2C, one of the LAMP2 isoforms,
can also function as an RNA/DNA receptor in RNautophagy
and DNautophagy pathways, where RNA or DNA is taken up
directly by lysosomes in an ATP-dependent manner.1120-1123

LAMP1 and LAMP2 deficiency does not necessarily affect pro-
tein degradation under conditions when CMA is active,1117 and
the expression levels of neuronal CMA substrates does not
change upon loss of LAMP2.1120,1124,1125

Conclusion: One of the key issues with the analysis of CMA
is verifying that the protein of interest is an authentic substrate.
Methods for monitoring CMA that utilize fluorescent probes
are available that eliminate the need for the isolation of CMA-
competent lysosomes, one of the most difficult aspects of assay-
ing this process.

19. Chaperone-assisted selective autophagy

CASA is a recently identified, specialized form of autophagy
whereby substrate proteins are ubiquitinated and targeted for
lysosomal degradation by chaperone and co-chaperone pro-
teins.1116



LysoTracker Red can be used as evidence of autophagic cargo
delivery to lysosomes. Moreover, LysoTracker Red has been
used to provide correlative data on autophagy in D. mela-
nogaster fat body cells (Fig. 26).279,280 However, additional
assays, such as GFP-Atg8/LC3 fluorescence and EM, should be
used to substantiate results obtained with acidotropic dyes
whenever possible to rule out the possibility that LAP is
involved (see



important to consider possible dose- and time-dependent
effects. Accordingly, it is generally preferable to analyze specific
loss-of-function



Betulinic acid damages lysosomal function differing from tradi-
tional inbibitors (e.g., chloroquine, NH4Cl or bafilomycin A1)
that raise the lysosomal pH; betulinic acid interacts with pure



stimulation of autophagy in some cancer cell lines,



There are fewer compounds that act as inducers of auto-
phagy, but the initial characterization of this process was due in
large part to the inducing effects of glucagon, which appears to
act through indirect inhibition of MTOR via the activation of
STK11/LKB1-AMPK.935,936,1216 Currently, the most commonly
used inducer of autophagy is rapamycin, an allosteric inhibitor
of MTORC1 (although as mentioned above, catalytic inhibitors
such as torin1 are increasingly being used). Nevertheless, one
caution is that MTOR is a major regulatory protein that is part
of several signaling pathways, including for example those that
respond to INS/insulin, EGF/epidermal growth factor and
amino acids, and it thus controls processes other than auto-
phagy, so rapamycin will ultimately affect many metabolic
pathways.504,1217-1219 In particular, the strong effects of MTOR
on protein synthesis may be a confounding factor when analyz-
ing the effects of rapamycin. MTOR-independent regulation
can be achieved through lithium, sodium valproate and carba-
mazepine, compounds that lower the myo-inositol 1,4,5-tri-
phosphate levels,1220 as well as FDA-approved compounds
such as verapamil, trifluoperazine and clonidine.1221,1222 In
vivo treatment of embryos with cadmium results in an increase
in autophagy, probably to counter the stress, allowing cell sur-
vival through the elimination/recycling of damaged struc-
tures.956 Autophagy may also be regulated by the release of
calcium from the ER under stress conditions;297,1175,1223,1224

however, additional calcium signals from other stores such as
the mitochondria and lysosomes could also play an important
role in autophagy induction. The activation of the lysosomal
TPCN/two-pore channel (two pore segment channel), by nico-
tinic acid adenine dinucleotide phosphate (NAADP) induces
autophagy, which can selectively be inhibited by the TPCN
blocker NED-19, or by pre-incubation with BAPTA, showing
that lysosomal calcium also modulates autophagy.1225 Cell pen-
etrating autophagy-inducing peptides, such as Tat-vFLIP or
Tat-Beclin 1 (Tat-BECN1), are also potent inducers of auto-
phagy in cultured cells as well as in mice.1216,1227 Other cell
penetrating peptides, such as Tat-wtBH3D or Tat-dsBH3D,
designed to disrupt very specific regulatory interactions such as
the BCL2-BECN1 interaction, are potent, yet very specific,
inducers of autophagy in cultured cells.1227

In contrast to other PtdIns3K inhibitors, caffeine induces
macroautophagy in the food spoilage yeast Zygosaccharomyces
bailii,1228 mouse embryonic fibroblasts,1229 and S. cerevisiae1230

at millimolar concentrations. In higher eukaryotes this is
accompanied by inhibition of the MTOR pathway. Similarly, in
budding yeast caffeine is a potent TORC1 inhibitor suggesting
that this drug induces autophagy via inhibition of the TORC1
signalling pathway; however, as with other PtdIns3K inhibitors



effects of the compound being used. Accordingly, genetic
confirmation is preferred whenever possible.

http://www.yeastgenome.org/gene_guidelines.shtml
http://www.informatics.jax.org/mgihome/nomen/
http://www.genenames.org/guidelines.html
http://www.genenames.org/guidelines.html


and as stated in the Introduction this article is not meant to
provide detailed protocols. Nonetheless, we think it is useful to
briefly discuss what techniques can be used in these systems
and to highlight some of the specific concerns and/or chal-
lenges. We also refer readers to the 3 volumes of Methods in
Enzymology that provide additional information for “nonstan-
dard”model systems.39-41

1. C. elegans

C. elegans has a single ortholog of most yeast Atg proteins;



inducing conditions, such as fasting. In the embryos of some
autophagy mutants, including epg-3, epg-4, epg-5, and epg-6
mutants, levels of LGG-1-I and LGG-1-II are ele-
vated.563,633,1268,1269 In an immunostaining assay, endogenous
LGG-1 forms distinct punctate structures, mostly at the »64-
to 100-cell embryonic stage. LGG-1 puncta are absent in atg-
3, atg-7, atg-5 and atg-10 mutant embryos,633,1261 but dramati-
cally accumulate in other autophagy mutants.563,633 The
widely used GFP::LGG-1 reporter forms aggregates in atg-3
and atg-7 mutant embryos, in which endogenous LGG-1
puncta are absent, indicating that GFP::LGG-1 could be incor-
porated into protein aggregates during embryogenesis. Immu-
nostaining for endogenous VPS-34 is also a useful marker of
autophagy induction in C. elegans embryos.1270

A variety of protein aggregates, including PGL granules
(PGL-1-PGL-3-SEPA-1) and the



detected by the level of phosphorylated RPS6KB via western
blotting.1277 Finally, DT40 cells represent a transformed cell
line, being derived from an avian leukosis virus-induced bursal
lymphoma. Thus, DT40 cells release avian leukosis virus into
the medium, and the 30-long terminal repeat has integrated
upstream of the MYC gene, leading to increased MYC expres-
sion.1280 Both circumstances might influence basal and starva-
tion-induced autophagy.

3. Chlamydomonas

The unicellular green alga Chlamydomonas reinhardtii is an
excellent model system to investigate autophagy in photosyn-
thetic eukaryotes. Most of the ATG genes that constitute the
autophagy core machinery including the ATG8 and ATG12
ubiquitin-like systems are conserved as single-copy genes in the
nuclear genome of this model alga. Autophagy can be moni-
tored in Chlamydomonas by western blotting through the
detection of Atg8 lipidation as well as an increase in the abun-
dance of this protein in response to autophagy activation.292

Localization of Atg8 by immunofluorescence microscopy can
also be used to study autophagy in Chlamydomonas since the
cellular distribution of this protein changes drastically upon
autophagy induction. The Atg8 signal is weak and usually
detected as a single spot in nonstressed cells, whereas auto-
phagy activation results in the localization of Atg8 in multiple
spots with a very intense signal.292,1281,1282 Finally, enhanced
expression of ATG8 and other ATG genes has also been
reported in stressed Chlamydomonas cells.1281 These methodo-
logical approaches have been used to investigate the activation
of autophagy in Chlamydomonas under different stress condi-
tions including nutrient (nitrogen or carbon) limitation, rapa-
mycin treatment, ER stress, oxidative stress, photo-oxidative
damage or high light stress.292,1281,1282

4. Drosophila

Drosophila provides an excellent system for in vivo analysis of



pycnotic nucleus through a specialized form of asymmetric



information regarding the timing of autophagy induction can
be gained by monitoring transcript accumulation of ATG1
and/or ATG8 using qRT-PCR.1302

Autophagy has been investigated intensively in Aspergilli, and
in particular in the genetically amenable species Aspergillus nidu-
lans, which is well suited to investigate intracellular traffic.1318 In
A. oryzae, autophagy has been monitored by the rapamycin-
induced and Atg8-dependent delivery of DsRed2, which is nor-
mally cytosolic, to the vacuoles.276 In A. nidulans, autophagy has
been monitored by the more “canonical” GFP-Atg8 proteolysis
assays, by monitoring the delivery of GFP-Atg8 to the vacuole
(by time-lapse microscopy), and by directly following the bio-
genesis of GFP-Atg8-labeled phagophores and autophagosomes,
which can be tracked in large numbers using kymographs traced
across the hyphal axis. In these kymographs, the autophagosome
cycle starting from a PAS “draws” a cone whose apex and base
correspond to the “parental” PAS punctum and to the diameter
of the “final” autophagosome, respectively.1319 Genetic analyses
revealed that autophagosomes normally fuse with the vacuole in
a Rab7-dependent manner. However, should Rab7 fusogenic
activity be mutationally inactivated, autophagosomes can traffic
to the endosomes in a RabB/Rab5- and CORVET-dependent
manner.1319 An important finding was that RabO/Rab1 plays a
key role in A. nidulans autophagy (and actually can be observed
on the phagophore membranes). This finding agrees with previ-
ous work in S. cerevisiae



9. Human

Considering that much of the research conducted today is
directed at understanding the functioning of the human body, in
both normal and disease states, it is pertinent to include humans
and primary human tissues and cells as important models for
the investigation of autophagy. Although clinical studies are not
readily amenable to these types of analyses, it should be kept in
mind that the MTORC1 inhibitor rapamycin, the lysosomal
inhibitors chloroquine and hydroxychloroquine, and the micro-
tubule depolymerizing agent colchicine are all available as clini-
cally approved drugs. However, these drugs have serious side
effects, which often impede their clinical use to study autophagy
(e.g., severe immunosuppressive effects of rapamycin; gastroin-
testinal complaints, bone marrow depression, neuropathy and
acute renal failure induced by colchicine; gastrointestinal com-
plaints, neuropathy and convulsions, and retinopathy induced
by [hydroxy]chloroquine). Theses side effects may in part be
exacerbated by potential inhibition of macroautophagy in itself
by these drugs.1338 In cancer treatment, for example, autophagy-
inhibiting drugs are used in combination with other anticancer
drugs to increase their potency. Conversely, normal tissues such
as kidney induce macroautophagy in response to anticancer
drugs to resist their toxicity;1339 additional blockade of auto-
phagy could worsen normal tissue toxicity and cause serious side
effects. Therefore, the potential for serious adverse effects and
toxicity of these drugs warrants caution, especially when study-
ing a role of autophagy in high-risk patients, such as the critically
ill. Fortunately, it is possible to obtain fresh biopsies of some
human tissues. Blood, in particular, as well as samples of adipose
and muscle tissues, can be obtained from needle biopsies or
from elective surgery. For example, in a large study, adipocytes
were isolated from pieces of adipose tissue (obtained during sur-
gery) and examined for INS/insulin signaling and autophagy. It
was demonstrated that autophagy was strongly upregulated
(based on LC3 flux, EM, and lipofuscin degradation) in adipo-
cytes obtained from obese patients with type 2 diabetes com-
pared with nondiabetic subjects.294 In another study utilizing
human adipose tissue biopsies and explants, elevated autophagic
flux in obesity was associated with increased expression of sev-
eral autophagy genes.217,609

The study of autophagy in the blood has revealed that SNCA
may represent a further marker to evaluate the autophagy level
in T lymphocytes isolated from peripheral blood.1340 In these
cells it has been shown that (a) knocking down the SNCA gene
results in increased macroautophagy, (b) autophagy induction
by energy deprivation is associated with a significant decrease
of SNCA levels, (c) macroautophagy inhibition (e.g., with
3-MA or knocking down ATG5) leads to a significant increase
of SNCA levels, and d) SNCA levels negatively correlate with
LC3-II levels. Thus, SNCA, and in particular the 14-kDa mono-
meric form, can be detected by western blot as a useful tool for
the evaluation of macroautophagy in primary T lymphocytes.
In contrast, the analysis of SQSTM1 or NBR1 in freshly isolated
T lymphocytes fails to reveal any correlation with either LC3-II
or SNCA, suggesting that these markers cannot be used to eval-
uate basal macroautophagy in these primary cells. Conversely,
LC3-II upregulation is correlated with SQSTM1 degradation in
neutrophils, as demonstrated in a human sepsis model.1034

A major caveat of the work concerning autophagy on
human tissue is the problem of postmortem times, agonal state,
premortem clinical history (medication, diet, etc.) and tissue
fixation. Time to fixation is typically longer in autopsy material
than when biopsies are obtained. For tumors, careful sampling
to avoid necrosis, hemorrhagic areas and non-neoplastic tissue
is required. The problem of fixation is that it can diminish the
antibody binding capability; in addition, especially in autopsies,
material is not obtained immediately after death.1341,1342 The
possibilities of postmortem autolysis and fixation artifacts must
always be taken into consideration when interpreting changes
attributed to autophagy.1343 Analyses of these types of samples
require not only special antigen retrieval techniques, but also
histopathological experience to interpret autophagy studies by
IHC, immunofluorescence or TEM. Nonetheless, at least one
recent study demonstrated that LC3 and SQSTM1 accumula-
tion can be readily detected in autopsy-derived cardiac tissue
from patients with chloroquine- and hydroxychloroquine-
induced autophagic vacuolar cardiomyopathy.962 Despite sig-
nificant postmortem intervals, sections of a few millimeters
thickness cut from fresh autopsy brain and fixed in appropriate
glutaraldehyde-formalin fixative for EM, can yield TEM images
of sufficient ultrastructural morphology to discriminate differ-



anesthetized and fasting patients, 2 conditions possibly affect-
ing autophagy. Moreover, certain surgical procedures require
tissue ischemia-reperfusion strategies that can also affect auto-
phagy level.1344 An analysis that examined liver and skeletal
muscle from critically ill patients utilized tissue biopsies that
were taken within 30 § 20 min after death and were flash-fro-
zen in liquid nitrogen followed by storage at -80�C.1061 Samples



pepstatin A) or in vivo labeling using LysoTracker Red. It is
also possible to monitor MTOR activity with phosphospecific
antibodies to RPS6KB and EIF4EBP1 or to examine gene
expression by semiquantitative RT-PCR, using primers that are
designed for Hydra. Autophagy can be induced by RNAi-medi-
ated knockdown of Kazal1,1354,1355 or with rapamycin treat-
ment, and can be inhibited with wortmannin or bafilomycin
A1.

1352,1353

11. Large animals

This section refers in particular to mammals other than
humans. Assessment of autophagy (and, in particular, autopha-
gic flux) in clinically relevant large animal models is critical in
establishing its (patho)physiological role in multiple disease



animals, however, it is important to include an appropriate
control group and a sufficiently high number of animals per
time point as corroborated by statistical power analyses. This
requirement limits feasibility and the number of time points
that can be investigated. The right approach to studying auto-
phagy in large animals likely differs depending on the question
that is being addressed. Several shortcomings regarding the
methodology, inherent to working with large animals, can be
overcome by an adequate study design. As for every study ques-
tion, the use of an appropriate control group with a sufficient
number of animals is crucial in this regard.



for studying the mechanisms that regulate gametogenesis and
embryo development. In these fish, the ovary is a suitable
experimental model system for studying autophagy and its
interplay with cell death programs due to the presence of post-
ovulatory follicles (POFs) and atretic follicles, which follow dif-
ferent routes during ovarian remodeling after spawning.1384 In
the fish reproductive biology, POFs are excellent morphological
indicators of spawning, whereas atretic follicles are relevant
biomarkers of environmental stress. In addition, many freshwa-
ter teleosts of commercial value do not spawn spontaneously in
captivity, providing a suitable model for studying the mecha-
nisms of follicular atresia under controlled conditions.1385

When these species are subjected to induced spawning, the fi





GFP-ATG8 also work well with lower eukaryotes,287,288,1403 as
do other fluorescently tagged ATG proteins including ATG5
and ATG12.

The unicellular amoeba Dictyostelium discoideum pro-
vides another useful system for monitoring autophagy.1404

The primary advantage of Dictyostelium is that it has a
unique life cycle that involves a transition from a unicellu-
lar to a multicellular form. Upon starvation, up to 100,000
single cells aggregate by chemotaxis and form a multicellu-
lar structure that undergoes morphogenesis and cell-type
differentiation. Development proceeds via the mound stage,
the tipped aggregate and a motile slug, and culminates with
the formation of a fruiting body that is composed of a ball
of spores supported by a thin, long stalk made of vacuolized
dead cells. Development is dependent on autophagy and, at
present, all of the generated mutants in Dictyostelium auto-
phagy genes display developmental phenotypes of varying
severity.1404,1405 D. discoideum is also a versatile model to
study infection with human pathogens and the role of auto-
phagy in the infection process. The susceptibility of D. dis-
coideum to microbial infection and its strategies to
counteract pathogens are simil



migrations. As such, they represent an interesting model sys-
tem for studying and monitoring the long-term induction of
autophagy. Moreover, the rainbow trout (Oncorhynchus
mykiss) displays unusual metabolic features that may allow
us to gain a better understanding of the nutritional regula-
tion of this degradative system (i.e., a high dietary protein
requirement, an important use of amino acids as energy
sources, and an apparent inability to metabolize dietary car-
bohydrates). It is also probably one of the most deeply stud-
ied fish species with a long history of research carried out in
physiology, nutrition, ecology, genetics, pathology, carcino-
genesis and toxicology.1418 Its relatively large size compared
to model fish, such as zebrafish or medaka, makes rainbow
trout a particularly well-suited alternative model to carry out
biochemical and molecular studies on specific tissues or cells
that are impossible to decipher in small fish models. The
genomic resources in rainbow trout are now being exten-
sively developed; a high-throughput DNA sequencing pro-
gram of EST has been initiated associated with numerous
transcriptomics studies,1419-1422 and the full genome
sequence is now available.

Most components of the autophagy and associated sig-
naling pathways (AKT, TOR, AMPK, FOXO) are evolution-
arily conserved in rainbow trout;628,1423-1425 however, not all
ATG proteins and autophagy-regulatory proteins are
detected by the commercially available antibodies produced
against their mammalian orthologs. Nonetheless, the
expressed sequence transcript databases facilitate the design
of targeting constructs. For steady-state measurement, auto-
phagy can be monitored by western blot or by immunofluo-
rescence using antibodies to ATG8/LC3.1425 Flux
measurements can be made in a trout cell culture model
(for example, in primary culture of trout myocytes) by fol-
lowing ATG8/LC3 turnover in the absence and presence of
bafilomycin A1. It is also possible to monitor the mRNA
levels of ATG genes by real-time PCR using primer sequen-
ces chosen from trout sequences available in the above-
mentioned expressed sequence transcript database. A major
challenge in the near future will be to develop for this
model the use of RNAi-mediated gene silencing to analyze
the role of some signaling proteins in the control of auto-
phagy, and also the function of autophagy-related proteins
in this species.

20. Sea urchin

Sea urchin embryo is an appropriate model system for
studying and monitoring autophagy and other defense
mechanisms activated during physiological development
and in response to stress.956 This experimental model offers
the possibility of detecting LC3 through both western blot
and immunofluorescence in situ analysis. Furthermore, in
vivo staining of autolysosomes with acidotropic dyes can
also be carried out. Studies on whole embryos make it pos-
sible to obtain qualitative and quantitative data for auto-
phagy and also to get information about spatial localization
aspects in cells that interact among themselves in their nat-
ural environment. Furthermore, since embryogenesis of this
model system occurs simply in a culture of sea water, it is

very easy to study the effects of inducers or inhibitors of
autophagy by adding these substances directly into the cul-
ture. Exploiting this potential, it has recently been possible
to understand the functional relationship between auto-
phagy and apoptosis induced by cadmium stress during sea
urchin development. In fact, inhibition of autophagy by 3-
MA results in a concurrent reduction of apoptosis; however,
using a substrate for ATP production, methyl pyruvate,
apoptosis (assessed by TUNEL assay and cleaved CASP3
immunocytochemistry) is substantially induced in cad-
mium-treated embryos where autophagy is inhibited. There-
fore, autophagy could play a crucial role in the stress
response of this organism since it could energetically con-
tribute to apoptotic execution through its catabolic role.1426

Cautionary notes include the standard recommendation
that it is always preferable to combine molecular and mor-
phological parameters to validate the data.

21. Ticks

In the hard tick Haemaphysalis longicornis, endogenous auto-

http://www.ncbi.nlm.nih.gov/nuccore/NZ_ABJB000000000


nih.gov/nuccore/NZ_ABJB000000000). For related tick species
such as I. ricinus, mapping to the I. scapularis

http://www.ncbi.nlm.nih.gov/nuccore/NZ_ABJB000000000


3. LC3 conjugation system for IFNG-mediated pathogen
control

Similar to LAP, LC3 localizes on the parasitophorus vacuole
membrane (PVM) of T. gondii.181 The parasitophorus vacuole
is a vesicle-like structure formed from host plasma membrane
during the invasion of T. gondii, and it sequesters and protects
the invasive T. gondii from the hostile host cytoplasm. The cell-
autonomous immune system uses IFNG-induced effectors,
such as immunity related GTPases and guanylate binding pro-
teins (GBPs), to attack and disrupt this type of membrane
structure; consequently, naked T. gondii in the cytoplasm are
killed by a currently unknown mechanism. Intriguingly, proper
targeting of these effectors onto the PVM of T. gondii requires
the autophagic ubiquitin-like conjugation system, including
ATG7, ATG3, and the ATG12–ATG5-ATG16L1 complex,
although the necessity of LC3-conjugation itself for the target-
ing is not yet clear. In contrast, up- or downregulation of
canonical autophagy using rapamycin, wortmannin, or starva-
tion do not significantly affect the IFNG-mediated control of T.
gondii. Furthermore, the degradative function or other compo-
nents of the autophagy pathway, such as ULK1/2 and ATG14,
are dispensable. Many groups have confirmed the essential
nature of the LC3-conjugation system for the control of T. gon-
dii,1455-1457 and the same or a similar mechanism also functions
against other pathogens such as murine norovirus and Chla-
mydia trachomatis.1208,1455 Although topologically and mecha-
nistically similar to LAP, the one notable difference is that the
parasitophorous vacuole of T. gondii is actively made by the
pathogen itself using host membrane, and the LC3-conjugation
system-dependent targeting happens even in nonphagocytic
cells. GBP-mediated lysis of pathogen-containing vacuoles is
important for the activation of noncanonical inflamma-
somes,1458 but the targeting mechanism of GBPs to the vacuoles
is unknown. Considering the necessity of the LC3-conjugation
system to target GBPs to the PVM of T. gondii, this system
may play crucial roles in the general guidance of various effec-
tor molecules to target membranes as well as in selective auto-
phagosome-dependent sequestration, phagophore membrane
expansion and autophagosome maturation.

4. Intracellular trafficking of bacterial pathogens

Some ATG proteins are involved in the intracellular trafficking
and cell-to-cell spread of bacterial pathogens by noncanonical
autophagic pathways. For example, ATG9 and WIPI1, but not
ULK1, BECN1, ATG5, ATG7 or LC3B are required for the
establishment of an endoplasmic reticulum-derived replicative
niche after cell invasion with Brucella abortus.1459 In addition,
the cell-to-cell transmission of B. abortus seems to be depen-
dent on ULK1, ATG14 and PIK3C3/VPS34, but independent
of ATG5, ATG7, ATG4B and ATG16L1.1460

5. Other processes

ATG proteins are involved in various other nonautophagic pro-
cesses, particularly apoptosis and noncanonical protein secre-
tion, as discussed in various papers.27,75,76,544,572,1449,1461-1465,1466

E. Interpretation of in silico assays for monitoring
autophagy

The increasing availability of complete (or near complete)
genomes for key species spanning the eukaryotic domain pro-
vides a unique opportunity for delineating the spread of auto-
phagic machinery components in the eukaryotic world.1467,1468

Fast and sensitive sequence similarity search procedures are
already available; an increasing number of experimental biolo-
gists are now comfortable “BLASTing” their favorite sequences
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[WFY]-x(2)-[LIV]. Kalvari and colleagues have also compiled a
position-specific scoring matrix (PSSM) based on validated
instances of the LIR motif, demonstrating that many of the false
positive hits (i.e., spurious matches to the xLIR motif) are elimi-
nated when a PSSM score >15 is sought. In addition, iLIR also
overlays the aforementioned results to segments that reside in
or are adjacent to disordered regions and are likely to form sta-
bilizing interactions upon binding to another globular protein
as predicted by the ANCHOR package.1483 A combination of
an xLIR match with a high PSSM score (>13) and/or an over-
lap with an ANCHOR segment is shown to give reliable predic-
tions.1482 It is worth mentioning that, intentionally, iLIR does
not provide explicit predictions of functional LIR-motifs but
rather displays all the above information accompanied by a
graphical depiction of query matches to known protein
domains and motifs; it is up to the user to interpret the iLIR
output. As mentioned in the original iLIR publication, a limita-
tion of this tool is that it does not handle any noncanonical LIR
motifs at present. The iLIR server was jointly developed by the
University of Warwick and University of Cyprus and is freely
available online at the URL http://repeat.biol.ucy.ac.cy/iLIR.

g. The Eukaryotic Linear Motif resource (ELM)
The Eukaryotic Linear Motif resource1484
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macroautophagy that can be used to interpret the formation of
autophagosomes in single cells.1492 As this aspect of the field
progresses we will likely start to see these models used to help
predict and understand autophagic responses to new therapeu-
tic treatments.

Conclusions and future perspectives

There is no question that research on the topic of autophagy
has expanded dramatically since the publication of the first set
of guidelines.2 To help keep track of the field we have published
a glossary of autophagy-related molecules and pro-
cesses,1493,1494 and now include the glossary as part of these
guidelines.

With this continued influx of new researchers we think it is
critical to try to define standards for the field. Accordingly, we
have highlighted the uses and caveats of an expanding set of
recommended methods for monitoring macroautophagy in a
wide range of systems (Table 4). Importantly, investigators
need to determine whether they are evaluating levels of early or
late autophagic compartments, or autophagic fl



to the process of autophagy, this is a dynamic field, and we
need to remain flexible in the standards we apply.
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Aggresome: An aggregation of misfolded proteins formed



ARD1: See NAA10.
Are1: See Ayr1.
Are2: See Ayr1.
ARRB1/b-arrestin-1 (arrestin, beta 1): Members of the
arrestin/beta-arrestin protein family are thought to participate
in agonist-mediated desensitization of G-protein-coupled
receptors and cause specific dampening of cellular responses to
stimuli such as hormones, neurotransmitters, or sensory sig-
nals. ARRB1 is a cytosolic protein and acts as a cofactor in the
ADRBK/BARK (adrenergic, beta, receptor kinase)-mediated



Atg11: A scaffold protein that acts in selective types of
macroautophagy including the Cvt pathway, mitophagy and
pexophagy. Atg11 binds Atg19, Pichia pastoris Atg30
(PpAtg30) and Atg32 as part of its role in specific cargo recog-
nition. It also binds Atg9 and is needed for its movement to the
PAS.



preferentially during mitophagy-inducing conditions.



LAP) or an autophagosome that has sequestered a partial
or complete phagosome with a lysosome. In contrast to a
phagolysosome, formation of the autophagolysosome involves
components of the macroautophagic machinery. Note that this
term is not interchangeable with “autophagosome” or
“autolysosome”.884

Autophagoproteasome (APP): A cytosolic membrane-bound
compartment denoted by a limiting single, double or multiple
membrane, which contains both LC3 and UPS antigens. The
autophagoproteasome may be derived from the inclusion of
ubiquitin-proteasome structures within either early or late
autophagosomes containing cytoplasmic material at various
stages of degradation.73

Autophagosome (AP): A cytosolic membrane-bound com-
partment denoted by a limiting double membrane (also
referred to as initial autophagic vacuole, AVi, or early autopha-
gosome). The early autophagosome contains cytoplasmic inclu-
sions and organelles that are morphologically unchanged
because the compartment has not fused with a lysosome and

http://www.tandfonline.com/toc/kaup20/current#.VdzKoHjN5xu
http://www.tandfonline.com/toc/kaup20/current#.VdzKoHjN5xu


BCL2 family of proteins: There are 3 general classes of BCL2
proteins; anti-apoptotic proteins include BCL2, BCL2L1/
Bcl-XL



Cad96Ca/Stit/Stitcher (Cadherin 96Ca): A Drosophila recep-
tor tyrosine kinase that is orthologous to the human proto-
oncogene RET. Cad96Ca suppresses macroautophagy in epi-
thelial tissues through Akt1-TORC1 signaling in parallel to InR
(Insulin-like receptor). This endows epithelial tissues with star-
vation resistance and anabolic development during nutritional
stress.1658

Caf4: A component of the mitochondrial fission complex that
is recruited to degrading mitochondria to facilitate mitophagy-
specific fission.705



ceramide stress and DNM1L-mediated mitochondrial fission;
the direct binding between ceramide and LC3-II involves F52
and I35 residues of LC3B.591

Chaperone-mediated autophagy (CMA): An autophagic pro-
cess in mammalian cells by which proteins containing a partic-
ular pentapeptide motif related to KFERQ are transported
across the lysosomal membrane and degraded.1675,1676 The
translocation process requires the action of the integral mem-
brane protein LAMP2A and both cytosolic and lumenal
HSPA8.1677,1678

CHKB (choline kinase beta): A kinase involved in phosphati-
dylcholine synthesis; mutations in CHKB cause mitochondrial
dysfunction leading to mitophagy and megaconial congenital
muscular dystrophy.1679

Chloroquine (CQ): Chloroquine and its derivatives (such as 3-
hydroxychloroquine) raise the lysosomal pH and ultimately
inhibit the fusion between autophagosomes and lysosomes,
thus preventing the maturation of autophagosomes into autoly-
sosomes, and blocking a late step of macroautophagy.1680

CHMP1A (charged multivesicular body protein 1A):
CHMP1A is a member of the CHMP family of proteins that
are involved in multivesicular body sorting of proteins to the
interiors of lysosomes. CHMP1A regulates the macroautopha-
gic turnover of plastid constituents in Arabidopsis thaliana.802

Chromatophagy: A form of macroautophagy that involves
nuclear chromatin/DNA leakage captured by autophagosomes
or autolysosomes.803

Ciliophagy: Degradation by macroautophagy of proteins
involved in the process of ciliogenesis (formation of primary
cilia). Ciliophagy can modulate ciliogenesis positively or nega-
tively depending on whether the subset of proteins degraded in
autophagosomes are activators or inhibitors of the formation of
primary cilia.
CISD2/NAF-1 (CDGSH iron sulfur domain 2): An integral
membrane component that associates with the ITPR complex;
CISD2 binds BCL2 at the ER, and is required for BCL2 to bind
BECN1, resulting in the inhibition of macroautophagy.1681

CISD2 was reported to be associated with the ER, but the
majority of the protein is localized at mitochondria, and muta-
tions in CISD2 are associated with Wolfram syndrome 2; accel-
erated macroautophagy in cisd2-/-803Chromatophagy:





regeneration of nascent protolysosomes during macroautopha-
gic flux.1630 See also autophagic lysosome reformation.
dom (domino): A Drosophila SWI2/SNF2 chromatin remod-
eling protein. A loss-of-function mutation at the dom locus
synergizes with genotypes depressed in macroautophagy path-
way activity.1718

Dopamine: A neurotransmitter whose accumulation outside
vesicles induces macroautophagy and cell degeneration.1719

DOR: See TP53INP2.
DRAM1 (damage-regulated autophagy modulator
1): DRAM1 gene expression is induced by TP53 in response to
DNA damage that results in cell death by macroautophagy.580

DRAM1 is an endosomal-lysosomal membrane protein that is
required for the induction of macroautophagy. The knockdown
of DRAM1 causes downregulation of VRK1 by macroauto-
phagy, similar to the effect of knocking down BECN1.
Draper: A Drosophila homolog of the Caenorhabditis elegans
engulfment receptor CED-1 that is required for macroauto-
phagy associated with cell death during salivary gland degrada-
tion, but not for starvation-induced macroautophagy in the fat
body.1720

Drs: See SRPX.
E2F1: A mammalian transcription factor that upregulates the
expression of BNIP3, LC3, ULK1 and DRAM1 directly, and
ATG5 indirectly.614 E2F1 plays a role during DNA damage-
and hypoxia-induced macroautophagy.
EAT (early autophagy targeting/tethering) domain: The C-
terminal domain of Atg1, which is able to tether vesicles.1721

This part of the protein also contains the binding site for Atg13.
EAT-2 (eating abnormal): A ligand-gated ion channel subunit
closely related to the non-alpha subunit of nicotinic acetylcho-
line receptors, which functions to regulate the rate of pharyn-
geal pumping. eat-2 loss-of-function mutants are dietary
restricted and require macroautophagy for the extension of life
span.1703,1722,1723

EDTP: See MTMR14.
EEA1 (early endosome antigen 1): A RAB5 effector used as a
common marker for early endosome vesicles.
EEF1A1/EF1A/eF1a (eukaryotic translation elongation fac-
tor 1 alpha 1): Multifunctional member of the family of G-
proteins with different cellular variants. The lysosomal variant
of this protein acts coordinately with GFAP at the lysosomal
membrane to modulate the stability of the CMA translocation
complex. Release of membrane bound EEF1A1 in a GTP-
dependent manner promotes disassembly of the translocation
complex and consequently reduces CMA activity.1724

eF1a: See EEF1A1.
EGFR (epidermal growth factor receptor): A tyrosine kinase
receptor that negatively regulates macroautophagy through
PI3K, AKT, and MTOR modulation.523

EGO complex: The Ego1, Ego3 and Gtr2 proteins form a comTm
0 0t



dependent transcriptional activation of VMP1 in cancer
cells.634







Cvt vesicle formation.1788 Hrr25 also phosphorylates Atg36,
and this phosphorylation is required for the interaction of
Atg36 with Atg11 and subsequent pexophagy.1789

HSC70: See HSPA8.
HSP70 (heat shock protein 70): The major cytosolic heat
shock-inducible member of the HSP70 family. This form accu-
mulates in the lysosomal lumen in cancer cells. HSP70 is also a
biomarker of aggresomes.1794 See also HSPA1A.
HSP90: See HSP90AA1.
HSP90AA1/HSP90/HSPC1 (heat shock protein 90kDa alpha
[cytosolic], class A member 1): A cytosolic chaperone that is
also located in the lysosome lumen. The cytosolic form helps to
stabilize BECN1, and promotes macroautophagy.1795 The lyso-
somal form of HSP90AA1 contributes to the stabilization of
LAMP2A during its lateral mobility in the lysosomal mem-
brane.1796

HSPA1A (heat shock protein family A [Hsp70] member
1A): The major cytosolic stress-inducible version of the
HSP70 family. This protein localizes to the lysosomal lumen in
cancer cells, and pharmacological inhibition leads to lysosome
dysfunction and inhibition of autophagy.1790

HSPA5/GRP78/BiP (heat shock protein 5 family A [Hsp70]
member 5): A master regulator of the UPR. This chaperone,
maintaining ER structure and homeostasis, can also facilitate
macroautophagy.1791

HSPA8/HSC70 (heat shock protein family A [Hsp70] mem-
ber 8): This multifunctional cytosolic chaperone is the consti-
tutive member of the HSP70 family of chaperones and
participates in targeting of cytosolic proteins to lysosomes for
their degradation via chaperone-mediated autophagy.1792 The
cytosolic form of the protein also regulates the dynamics of the
CMA receptor, whereas the lumenal form (lys-HSPA8) is
required for substrate translocation across the membrane.1793

This chaperone plays a role in the targeting of aggregated pro-
teins (in a KFERQ-independent manner) for degradation
through chaperone-assisted selective autophagy,1116 and in
KFERQ-dependent targeting of cytosolic proteins to late endo-
somes for microautophagy.1115 See also chaperone-assisted
selective autophagy, chaperone-mediated autophagy, and endo-
somal microautophagy.
HSPC1: See HSP90AA1.
HTRA2/Omi (HtrA serine peptidase 2): A nuclear-encoded
mitochondrial serine protease that was reported to degrade
HAX1, a BCL2 family-related protein, to allow macroauto-
phagy induction.1797 In this study, knockdown of HTRA2, or
the presence of a protease-defective mutant form, results in
decreased basal macroautophagy that may lead to neurodegen-
eration. Separate studies, however, indicate that mitochondrial
HTRA2 plays a role in mitochondrial quality control; in this
case loss of the protein leads to increased macroautophagy and
in particular mitophagy.1798-1800

Hypersensitive response: A rapid and locally restricted form
of programmed cell death as part of the plant immune response
to pathogen attack. The hypersensitive response is activated by
different immune receptors upon recognition of pathogen-
derived effector proteins, and can be positively regulated by
macroautophagy.1092,1096,1801

IAPP (islet amyloid polypeptide): A 37 amino acid polypep-
tide derived from processing of an 89 amino acid precursor,

which is coexpressed with INS/insulin by pancreatic b-cells.
IAPP aggregation is implicated in the pathogenesis of type 2
diabetes. Macroautophagy regulates IAPP levels through
SQSTM1-dependent lysosomal degradation.1802-1804

iC-MA (immune cell-mediated autophagy): IL2-activated
natural killer cell- and T cell-induced macroautophagy.1805

Ice2: See Ayr1.
ICP34.5: A neurovirulence gene product encoded by the her-
pes simplex virus type 1 (nns) that blocks EIF2S1-EIF2AK2
induction of autophagy.1726 ICP34.5-dependent inhibition of
autophagy depends upon its ability to bind to BECN1.892

IDP (Intrinsically disordered protein): A protein that does
not possess unique structure and exists as a highly dynamic
ensemble of interconverting conformations.

http://repeat.biol.ucy.ac.cy/iLIR


Irs4: Irs4 and Tax4 localize to the PAS under autophagy-
inducing conditions in yeast and play a role in the recruitment
of Atg17.1827 These proteins have partially overlapping func-
tions and are required for efficient nonselective macroauto-
phagy and pexophagy.
Isolation membrane: See phagophore.
ITM2A (integral membrane protein 2A): A target of PRKA/
PKA-CREB that interacts with the V-ATPase and interferes
with macroautophagic flux.1828

ITPR1/2/3 (inositol 1,4,5-trisphosphate receptor, type 1/2/
3): A large tetrameric intracellular Ca2C-release channel
present in the ER that is responsible for the initiation/prop-
agation of intracellular Ca2C signals that can target the
cytosol and/or organelles. The ITPR is activated by inositol
1,4,5-trisphosphate produced in response to extracellular
agonists. Many proteins regulate the ITPR including anti-
apoptotic BCL2-family proteins and BECN1. The ITPR can
inhibit autophagy by scaffolding BECN1 as well as by driv-
ing Ca2C-dependent ATP production,1220,1244,1246 whereas
BECN1-dependent sensitization of ITPR-mediated Ca2C

release (e.g., in response to starvation) can promote macro-
autophagic flux.297

JNK1: See MAPK8.
Jumpy: See MTMR14.
JUN/c-Jun/JunB (jun proto-oncogene): A mammalian tran-
scription factor that inhibits starvation-induced
macroautophagy.1829

KAT5/TIP60 (K[lysine] acetyltransferase 5): In response to
growth factor deprivation, KAT5 is phosphorylated and acti-
vated by GSK3 and then acetylates and activates ULK1.1778

Kcs1:



Lipoxygenases: Mycobacterial infection-responsive expression
of these proteins, such as ALOX5 and ALOX15, inhibits IFNG-
induced macroautophagy in macrophages.528

LIR/LRS (LC3-interacting region): This term refers to the
WXXL-like sequences (consensus sequence [W/F/Y]-X-X-[I/L/
V]) found in proteins that bind to the Atg8/LC3/GABARAP







NAF-1: See CISD2.
NAMPT/visfatin (nicotinamide phosphoribosyltransferase):
NAMPT is a protein that catalyzes the condensation of nicotin-
amide with 5-phosphoribosyl-1-pyrophosphate to yield nico-
tinamide mononucleotide, one step in the biosynthesis of
nicotinamide adenine dinucleotide. The protein belongs to the
nicotinic acid phosphoribosyltransferase (NAPRTase) family
and is thought to be involved in many important biological
processes, including metabolism, stress response and aging.
NAMPT promotes neuronal survival through inducing
macroautophagy via regulating the TSC2-MTOR-RPS6KB1
signaling pathway in a SIRT1-dependent manner during cere-
bral ischemia.1896

NAPA/aSNAP (N-ethylmaleimide-sensitive factor attach-
ment protein, alpha): A key regulator of SNARE-mediated
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Phosphatidylinositol 3,5-bisphosphate (PtdIns[3,5]P2): This
molecule is generated by PIKFYVE (phosphoinositide kinase,
FYVE finger containing) and is abundant at the membrane of
the late endosome. Its function is relevant for the replication of
intracellular pathogens such as the bacteria Salmonella,1944 and
ASFV.1945 PtdIns(3,5)P2 also plays a role in regulating
macroautophagy.1946

Phosphoinositide 3-kinase/PI3K: The class I family of
enzymes that add a phosphate group to the 30 hydroxyl on the
inositol ring of phosphoinositides. PI3K activity results in the
activation of MTOR and the inhibition of macroautophagy.
Phosphoinositides (PI) or inositol phosphates: These are
membrane phospholipids that control vesicular traffic and





catalyzed by special enzymes that recognize specific target
sequences in particular proteins. PTMs provide dramatic exten-
sion of the structures, properties, and physico-chemical diver-
sity of amino acids, thereby diversifying structures and
functions of proteins.1979 There are more than 300 physyologi-

http://pfam.xfam.org/family/PF12257
http://pfam.xfam.org/family/PF12257
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(Dishevelled, Egl-10, and Pleckstrin) domain (PFAM:
PF00610), which is also the case with Iml1.1822 See also non-
nitrogen starvation (NNS)-induced autophagy.
Rapamycin: Allosteric TOR (in particular, TOR complex 1)
inhibitor, which induces autophagy. TOR complex 2 is much
less sensitive to inhibition by rapamycin.
RAPTOR: See RPTOR.
Ras: See RRAS.
RB1-E2F1 (Retinoblastoma 1-E2 transcription factor
1): RB1 is a tumor suppressor that promotes growth arrest,
and protects against apoptosis. E2F1 regulates the transition
from the G1 to the S phase in the cell cycle, and is a pro-apopto-
tic member of the E2F transcription family. In addition to con-
trolling the cell cycle and apoptosis, the interaction between
RB1 and E2F1 regulates macroautophagy; RB1 and E2F1
downregulate and upregulate BCL2, respectively, resulting in
the induction of macroautophagy or apoptosis.615

RB1CC1/FIP200 (RB1-inducible coiled-coil 1): A putative
mammalian functional counterpart of yeast Atg17. RB1CC1 is
a component of the ULK1 complex.1533 In addition, RB1CC1
interacts with other proteins in several signaling pathways, sug-
gesting the possibility of macroautophagy-independent func-
tions, and a potential role in linking other cellular functions
and signaling pathways to macroautophagy.
Reactive oxygen species (ROS): Chemically-reactive mole-
cules that contain oxygen, including hydrogen peroxide, the
hydroxyl radical ¢OH, and the superoxide radical ¢O2

-. Hydro-
gen peroxide transiently inhibits delipidation of LC3 by ATG4,
which is permissive for starvation-induced autophagy.519

Superoxide is essential for triggering injury-induced mitochon-
drial fission and mitophagy.757

Ref(2)P: The Drosophila homolog of SQSTM1.
Residual body: A lysosome that contains indigestible material
such as lipofuscin.2007

Resveratrol: An allosteric activator of SIRT1 and inhibitor
of several other cellular proteins1510 that induces macroauto-
phagy.2008

Reticulophagy:







to lysosomes in the neuronal soma, allowing maturation of
autolysosomes.149

SNCA/a-synuclein: A presynaptic protein relevant for Parkin-
son disease pathogenesis because of its toxicity resulting from
aggregation. SNCA degradation in neuronal cells involves the
autophagy-lysosomal pathway via macroautophagy and chap-
erone-mediated autophagy.2054 Conversely, SNCA accumula-
tion over time might impair autophagy function, and an
inhibitory interaction of SNCA with HMGB1 has been
reported.2055 This interaction can be reversed by the natural
autophagy inducer corynoxine B. Similarly, in human T lym-
phocytes the aggregated form of SNCA, once generated, can be
degraded by macroautophagy, whereas interfering with this
pathway can result in the abnormal accumulation of SNCA.
Hence, SNCA can be considered as an autophagy-related
marker of peripheral blood lymphocytes.1340

Snx4/Atg24: A yeast PtdIns3P-binding sorting nexin that is part
of the Atg1 kinase complex and binds Atg20.1600 Snx4/Atg24 is
also involved in recycling from early endosomes. In the filamentous
fungusM. oryzae, Atg24 is required for mitophagy.709

SNX18: A PX-BAR domain-containing protein involved in
phagophore elongation.2056

SpeB: A cysteine protease secreted by Streptococcus pyogenes
that degrades macroautophagy components at the bacterial sur-
face, leading to autophagy escape.2057 The lack of SpeB allows
capture and killing of cytoplasmic S. pyogenes by the
macroautophagy system.126,2057

Spautin-1 (specific and potent autophagy inhibitor-1): An
inhibitor of USP10 and USP13, identified in a screen for inhibi-
tors of macroautophagy, which promotes the degradation of
the PIK3C3/VSP34-BECN1 complex.2058

Spermidine



TAK1: See MAP3K7.
TAKA (transport of Atg9 after knocking out ATG1) assay:
An epistasis analysis that examines the localization of Atg9-
GFP in a double mutant, where one of the mutations is a dele-
tion of ATG1.



amine group (e.g., protein- or peptide-bound lysine) and the
acyl group at the end of the side chain of protein- or peptide-
bound glutamine (protein crosslinking); TGM2 interacts with
SQSTM1 and is involved in the macroautophagic clearance of
ubiquitinated proteins.780,2092

THC (D9-tetrahydrocannabinol): The main active compo-
nent of the hemp plant Cannabis sativa. The anticancer activity
of THC in several animal models of cancer relies on its ability
to stimulate autophagy-mediated cancer cell death. This effect
occurs via THC binding to cannabinoid receptors, and the sub-



oncogenes. Knockdown of TPR facilitates macroautophagy.
TPR depletion is not only responsible for TP53 nuclear accu-
mulation, which also activates the TP53-induced macroauto-
phagy modulator DRAM, but also contributes to HSF1 and
HSP70 mRNA trafficking, and transcriptional regulation of
ATG7 and ATG12.2117

TRAF2 (TNF receptor-associated factor 2): An E3 ubiquitin
ligase that plays an essential role in mitophagy in unstressed
cardiac myocytes, as well as those treated with TNF or
CCCP.786

TRAF6 (TNF receptor-associated factor 6, E3 ubiquitin pro-
tein ligase): An E3 ubiquitin ligase that ubiquitinates BECN1
to induce TLR4-triggered macroautophagy in macrophages.2100

TRAIL: See TNFSF10.
Transgenic: Harboring genetic material of another species/
organism or extra copies of an endogenous gene, usually gained
through transfer by genetic engineering.
Transmitophagy/transcellular mitophagy: A process in
which axonal mitochondria are degraded in a cell-nonautono-
mous mechanism within neighboring cells.796

TRAPPII (transport protein particle II): A guanine nucleo-
tide exchange factor for Ypt1 and perhaps Ypt31/32 that func-
tions in macroautophagy in yeast.2118 TRAPPII is composed of
Bet3, Bet5, Trs20, Trs23, Trs31, Trs33 and the unique subunits
Trs65, Trs120 and Trs130.
TRAPPIII (transport protein particle III): A guanine nucleo-
tide exchange factor for Ypt1 that functions in macroautophagy
in yeast.1321 TRAPPIII is composed of Bet3, Bet5, Trs20, Trs23,
Trs31, Trs33 and a unique subunit, Trs85.
TRIB3 (tribbles pseudokinase 3): A pseudokinase that plays
a crucial role in the mechanism by which various anticancer
agents (and specifically cannabinoids, the active components
of marijuana and their derived products) activate
macroautophagy in cancer cells. Cannabinoids elicit an ER
stress-related response that leads to the upregulation of
TRIB3 whose interaction with AKT impedes the activation
of this kinase, thus leading to a decreased phosphorylation
of TSC2 and AKT1S1/PRAS40. These events trigger the
inhibition of MTORC1 and the induction of macroauto-
phagy.2094 Conversely, TRIB3 binding to SQSTM1 via its
UBA and LIR motifs interferes with autophagic flux, in par-
ticular of ubiquitinated proteins, and also reduces the effi-
ciency of the UPS, promoting tumor progression due to the
accumulation of tumor-promoting factors.2093,2119,2120

Trichostatin A: An inhibitor of class I and class II HDACs
that induces autophagy.2121

TRIM5/TRIM5a (tripartite motif containing 5): A selective
macroautophagy receptor for xenophagy; TRIM5 binds the
HIV-1 capsid.1984

TRIM20: See MEFV.
TRIM21: An antigen in autoimmune diseases such as systemic
lupus erythematosus, and Sj€ogren syndrome, TRIM21 is a
receptor for selective autophagy of IRF3 dimers, a key tran-
scriptional activator of type I interferon responses.1869

TRIM28 (tripartite motif containing 28): TRIM28 is an E3
ligase that is part of a ubiquitin ligase complex that targets
PRKAA1, leading to ubiquitination and proteasomal degrada-
tion in part through the upregulation of MTOR activity.1854 See
also MAGEA3.

TRIM50 (tripartite motif containing 50): TRIM50 is a cyto-
plasmic E3-ubiquitin ligase,2122 which interacts and colocalizes
with SQSTM1 and promotes the formation and clearance of
aggresome-associated polyubiquitinated proteins through
HDAC6-mediated interaction and acetylation.2123,2124

TRIM63/MURF-1 (tripartite motif containing 63, E3 ubiqui-
tin protein ligase): Muscle-specific atrophy-related E3 ubiqui-
tin ligase2125,2126 that cooperates with SH3GLB1 to regulate
autophagic degradation of CHRNA1 in skeletal muscle, partic-
ularly upon muscle-atrophy induction.2036

TRPC4 (transient receptor potential cation channel, subfam-
ily C, member 4): A cation channel in human umbilical vascu-



Ubp3: A yeast deubiquitinase that forms a complex with Bre5
and is required for ribophagy.847 Conversely, the Ubp3-Bre5
complex inhibits mitophagy.2131

UBQLN/Ubiquilins: Receptor proteins that deliver ubiquiti-
nated substrates to the proteasome. Ubiquilins may aid in the
incorporation of protein aggregates into autophagosomes, and
also promote the maturation of autophagosomes at the stage of
fusion with lysosomes.2132

ULK family (unc-51 like autophagy activating kinase): The
ULK proteins are homologs of yeast Atg1. In mammalian cells
the family consists of 5 members, ULK1, ULK2, ULK3, ULK4,
and STK36/ULK5. ULK1 and ULK2 are required for
macroautophagy, and ULK3 for oncogene-induced senes-
cence.535,2133,2134 See also Atg1. Figure modified from Fig. 2 of
ref. 2135.

Ume6: A component of the Rpd3L complex that binds to the
URS1 sequence in the ATG8 promoter and downregulates tran-
scription in growing conditions.1233 See also Rpd3 and Sin3/
SIN3.
UNC-51: The C. elegans Atg1/ULK1/ULK2 homolog. See also
Atg1.
UPR (unfolded protein response): A coordinated process to
adapt to ER stress, providing a mechanism to buffer fluctua-
tions in the unfolded protein load. The activation of this path-
way is often related with macroautophagy.
USP8 (ubiquitin specific peptidase 8): A deubiquitinase that
removes K6-linked ubiquitin chains from PARK2 to promote
PARK2 recruitment to depolarized mitochondria and
mitophagy.



VAMP7 (vesicle-associated membrane protein 7): VAMP7 is
a SNARE protein that colocalizes with ATG16L1 vesicles and
phagophores, and is required, along with STX7 (syntaxin 7),
STX8 and VTI1B, for autophagosome formation.2150 VAMP7
is also involved in the maturation of autophagosomes by facili-
tating fusion with a lysosome.2149

VAMP8 (vesicle-associated membrane protein 8): A SNARE
protein that, in conjunction with VTI1B, is needed for the
fusion of autophagosomes with lysosomes.2151

VCP/p97 (valosin-containing protein): A type II AAA+-
ATPase that is a protein segregase required for autophago-
some maturation under basal conditions or when the pro-
teasomal system is impaired; mutations of VCP result in
the accumulation of immature, acidified autophagic vacuoles
that contain ubiquitinated substrates.2152,2153 See also Cdc48.
Verteporfin: An FDA-approved drug; used in photodynamic
therapy, but it inhibits the formation of autophagosomes in
vivo without light activation.2154

VHL (von Hippel-Lindau tumor suppressor, E3 ubiquitin
protein ligase): VHL serves as the substrate recognition sub-
unit of a ubiquitin ligase that targets the a subunit of the heter-
odimeric transcription factor HIF1 for degradation. This
interaction requires the hydroxylation of HIF1A on one or
both of 2 conserved prolyl residues by members of the EGLN
family of prolyl hydroxylases.2155

VirG: A Shigella protein that is required for intracellular actin-
based motility; VirG binds ATG5, which induces xenophagy;
IcsB, a protein secreted by the type III secretion system, com-
petitively blocks this interaction.2156

VMP1 (vacuole membrane protein 1): A multispanning
membrane protein that is required for macroautophagy.632,2157

VMP1 regulates the levels of PtdIns3P,2158 binding of the
ATG12–ATG5-ATG16L1 complex, and lipidation of LC3.2159

Vps1: A dynamin-like GTPase required for peroxisomal fis-
sion. It interacts with Atg11 and Atg36 on peroxisomes that are
being targeted for degradation by pexophagy.1716 See also
Dnm1.
Vps11: A member of the core subunit of the homotypic fusion



short-term treatment with WYE-354 can inhibit both
MTORC1 and MTORC2, but the effects on flux are due to the
former.341 See also Ku-0063794.
XBP1 (X-box binding protein 1): A component of the ER
stress response that activates macroautophagy. The XBP1 yeast
ortholog is Hac1.2174

Xenophagy: Cell-autonomous innate immunity defense,
whereby cells eliminate intracellular microbes (e.g., bacteria,
fungi, parasites and/or viruses) by sequestration into autopha-
gosomes with subsequent delivery to the lysosome.2175

Xestospongin B: An antagonist of the ITPR that dissociates
the inhibitory interaction between ITPR and BECN1 and indu-
ces macroautophagy.2176

Yeh1: See Ayr1.
Ykt6: A prenylated vesicle SNARE involved in Golgi transport
and fusion with the vacuole (including Cvt vesicle delivery to
the vacuole2177); temperature sensitive ykt6 mutations also pre-
vent closure of the phagophore.2023

Ymr1: A yeast PtdIns3P-specific phosphatase involved in
autophagosome maturation.2178,2179

Ypk1: A downstream effector of TORC2
that stimulates macroautophagy under con-
ditions of amino acid depletion.2105 TORC2
activation of Ypk1 results in inhibition of
the PPP3/calcineurin-Cmd1/calmodulin
phosphatase, which otherwise dephosphor-
ylates and inhibits Gcn2, a positive regula-
tor of macroautophagy. See also Gcn2.
Ypt1: A yeast GTPase that functions in
several forms of autophagy.1321 Ypt1 is
needed for correct localization of Atg8 to
the PAS. The mammalian homolog, RAB1,
is required for autophagosome formation
and for autophagic targeting of Salmo-
nella.2180,2181 See also TRAPPIII.
Ypt7: A yeast homolog of mammalian
RAB7, needed for the fusion of autophago-
somes with the vacuole.
YWHAZ/14-3-3/(tyrosine 3-monooxygenase/tryptophan 5-
monooxygenase activation protein, zeta): A member of the
14-3-3 family of proteins that inhibits macroautophagy; direct
interaction with PIK3C3 negatively regulates kinase activity, and
this interaction is disrupted by starvation or C2-ceramide.2182

ZFPM1/FOG1 (zinc finger protein, FOG family member
1): A cofactor of GATA1, a positive regulator of macroauto-
phagy gene transcription.641 See also GATA1.
ZFYVE1/DFCP1 (zinc finger, FYVE domain containing
1): A PtdIns3P-binding protein that localizes to the omega-
some.583 Knockdown of ZFYVE1 does not result in a
macroautophagy-defective phenotype.
ZFYVE26/spastizin/SPG15 (zinc finger, FYVE domain con-
taining 26): A protein involved in a complicated form of
hereditary spastic paraparesis; it interacts with the macroauto-
phagy complex BECN1-UVRAG-RUBCN and is required for
autosphagosome maturation.2183

ZIPK: See Sqa.
ZKSCAN3/ZNF306 (zinc finger with KRAB and SCAN
domains 3): A zinc finger family transcription factor harboring
Kruppel-associated box and SCAN domains that functions as a

master transcriptional repressor of autophagy and lysosome bio-
genesis. ZKSCAN3 represses the transcription of more than 60
genes integral to, or regulatory for, autophagy and lysosome bio-
genesis and/or function and a subset of these genes, including
MAP1LC3B and WIPI2, are its direct targets. Starvation and torin1
treatment induce translocation of ZKSCAN3 from the nucleus to
the cytoplasm.643

Zoledronic acid: A bisphosphonate that induces macroauto-
phagy and may result in autophagic cell death in prostate and
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