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Abstract

Autophagy is a cellular process that has been defined and analyzed almost entirely by qualitative
measures. In no small part, this is attributable to the absence of robust quantitative assays that can
easily and reliably permit the progress of key steps in autophagy to be assessed. We have recently
developed a cell-based assay that specifically measures proteolytic cleavage of a tripartite sensor
protein by the autophagy protease ATG4B. Activation of ATG4B results in release of Gaussia
luciferase from cells that can be non-invasively harvested from cellular supernatants. Here, we
compare this technique to existing methods and propose that this type of assay will be suitable for
genome-wide functional screens and in vivo analysis of autophagy.
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Background

Autophagy is a stress response that results in activation of a lysosomal degradation pathway.
Though primarily viewed as a cellular starvation response, appropriate or inappropriate
engagement of autophagy has been identified in diverse contexts important for human
health,1:2 such as bacterial or viral infection,34 neurodegeneration,® and cancer.8-12 A
better understanding of autophagy may be important for the development of new therapeutic
strategies to treat disease states arising in these settings.13 Methods to detect autophagy have
been extensively reviewed4-16 and guidelines for their use and interpretation have been
established.1’ In general, autophagy assays are based either on changes in disposition of a
specific protein component of the autophagy machinery or on morphological patterns
associated with autophagosome formation. The elucidation of the autophagy machinery in
yeast and more recently in mammalian cells has enabled the development of highly specific
detection systems.18:19 |n addition, directed ablation of genes contributing to autophagy in
yeast and in mammals has contributed to a better understanding of this complex process.
Recently, we have developed a luciferase-based assay that specifically measures the
induction of autophagy by monitoring ATG4B proteolytic activity.20 In the following, we
will compare this technique to common assays with respect to high-throughput screening
and the in vivo analysis of autophagic pathways.
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Quantitation of Autophagy

Table 1 summarizes and classifies common methods for detection of autophagy according to
their suitability for large-scale screening, quantitation and in vivo applications. Historically,
autophagy has been identified by the formation of a highly ordered structure in the
cytoplasm, the autophagosome, which is definitively identified by electron microscopy.21:22
Autophagosome membranes are smooth double membranes that engulf cytoplasmic material
including mitochondria and ribosomes.23 Quantitation based on electron microscopy is
challenging but can be achieved by enumeration of autophagosome numbers or vacuole size.
24 Although powerful and rigorous in its application, electron microscopy is widely thought
to be most suitable for qualitative analyses.

Staining methods, e.g., the use of monodansylcadaverine (MDC)2%:26 or mitotracker red,
provide an alternative that can be easily integrated with high-throughput screening
approaches. These reagents stain acidified or low electrochemical potential compartments
and when combined with selective inhibitor treatments can overcome problems with non-
specific background staining.24 An alternative is the visualization of green fluorescent
protein (GFP)-tagged components of the autophagy machinery. Microtubule associated
protein 1 light chain 3 (LC3) is a marker protein of the autophagosomal membrane that is
modified during the induction of autophagy by several processing steps including cleavage
by the protease ATG4B to generate LC3-1, ATG3/7-mediated ligation of phosphatidyl-
serine or phosphatidyl-ethanolamine to generate LC3-1127 and translocation to the
autophagosomal membrane.28 A second reaction catalyzed by ATG4B removes LC3-11 from
the autophagosomal membrane by delipidation.28 Translocation of GFP-LC3 can be
identified by puncta that appear following engagement of the autophagic response and are
readily visible by light microscopy.28 Other GFP fusions to candidate marker proteins such
as ATG18 and RAB24 have been examined for their suitability as autophagy reporters,2%:30
but to date GFP-LC3 is the best characterized. It has been noted that GFP-LC3 can be
observed to undergo autophagy-independent or saponin-induced aggregation.31:32 Further
refinements such as a tandem fluorescent-tagged LC3 protein to distinguish between
autophagy induction and lysosomal fusion33 and deletion mutants of LC3 that are not
subject to lipidation have been proposed to reduce background aggregation and enhance
specificity.34 The development of GFP-LC3 transgenic mice has been a major breakthrough
for our understanding of the in vivo function of autophagy.3°

GFP-LC3 fluorescence localization studies can be complemented by immunaoblotting of
L.C3.36 Lipidated LC3 (LC3-I1) migrates at a different size by polyacrylamide gel
electrophoresis and can be distinguished from unprocessed LC3 (LC3-1).28 Immunoblotting
of LC3 allows further discrimination of specific aspects in autophagy such as the
determination of autophagic flux.3” An alternative for detection of the autophagic flux is
measuring p62 (SQSTM1/sequestosome 1) protein levels.38 Inhibition of autophagy
correlates with increased p62 expression,39 but transcriptional upregulation of this gene
might also be autophagy-independent.

For high-throughput analysis of autophagy, GFP-LC3 localization is an attractive option.
Recently, a siRNA-based screen has been performed using 293 cells stably expressing GFP-
LC3 and kinases required for starvation-induced autophagy were identified.2% Another
image-based screen identified small molecule compounds that induce autophagy in the
glioblastoma H4 cell line.*1 One consideration is that morphological assays such as
fluorescence puncta formation have a limited potential for quantitation. The number or size
of autophagosomes can be determined and quantified using appropriate software,*0:42 but
these assays do not have a broad dynamic range and are to some degree subjective. A flow
cytometry assay has been developed that is based on loss of GFP-LC3 fluorescence during
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autophagy“? and meets many of the requirements for a practical quantitative assay, but as
formulated, the assay requires the use of lysosomal and autophagic inhibitors for correct
interpretation of results. In addition cytometric methods typically have relatively limited
dynamic range compared to luciferase assays.

Monitoring enzymatic activities associated with autophagy allows better quantitation. For
instance, lactate dehydrogenase is a specific indicator of autophasosomal-lysosomal transfer.
44 Other assays based on administration of radio-labeled metabolites such as amino acids
provide an alternative but are less attractive for large-scale screening for practical reasons as
they require injection of radioactive molecules.4:46

The Luciferase Release Assay

Recently, a simple cell-based autophagy sensor has been described that is highly specific for
LC3 cleavage and amenable to large-scale screening approaches.?? This sensor is based on
ATG4B-dependent release of Gaussia luciferase (GLUC) from cells. GLUC is a reporter
enzyme from the marine copepod Gaussia princeps that is secreted from cells by signal-
peptide mediated secretion.4”:48 Surprisingly, GLUC lacking the signal peptide rapidly exits
the cell by a non-conventional pathway.20 This pathway can be frustrated by anchoring an
N-terminally deleted form of GLUC (dNGLUC) to the actin cytoskeleton. If a protease-
specific linker is introduced between the actin anchor and dNGLUC, secretion can be made
dependent on cleavage of the linker.20 By insertion of the full-length open reading frame of
LC3 between B-actin and dNGLUC, LC3 cleavage can be monitored by harvesting the
supernatant of cells (Fig. 1). Both ATG4B expression and shRNA mediated knockdown
modulate the luciferase levels released from cells and allow the detection of events that
control ATG4B activity. Inhibition of mTOR either by treatment with rapamycin or by
inhibition of AKT1 results in activation of autophagy*® and can be detected using this
reporter.20 This assay system is a potentially useful new tool to elucidate signaling pathways
that lead to autophagy.

The luciferase release assay non-invasively measures protein cleavage over time in the
context of the complex physiology of intact living cells and is compatible with high-
throughput screening methodologies. Several considerations require additional controls
when using this assay. To ensure that cleavage is specific, mutations of the cleavage site can
be engineered and tested with the same system. Since B-actin itself is subject to proteolytic
processing under certain conditions, it is advisable to measure release of luciferase activity
from Actin-dNGLUC in parallel. 1t should be noted that the luciferase release system can
detect cleavage of short peptides as well as cleavage of full-length proteins. Therefore, the
luciferase release assay can be further modulated by replacing the LC3 gene with a short
peptide motif or a different protease target gene such as GABARAP. For instance, calpain-
mediated cleavage of ATG5 results in a switch from autophagy to apoptosis®! and thus a
calpain-sensitive linker introduced between B-actin and dNGLUC may be useful to study
this specific aspect.

The mechanism of dNGLUC secretion is presently poorly characterized at a molecular level.
One hypothetical form of interference with the luciferase assay could take the form of an
interaction between elements of the autophagosome and uncharacterized components of the
luciferase secretion apparatus. To explore this possibility, cells transfected with AINGLUC-
expressing constructs were treated with Rapamycin or transfected with shRNA-expressing
constructs mediating knockdown of AKT1, two treatments that should have the effect of
potentiating autophagic responses. Such treatments had no effect on the constitutive
secretion of ANGLUC, yet resulted in robust activation of the Actin-LC3-dNGLUC reporter
(Fig. 2). Secretion of GLUC is blocked by treatment with Brefeldin A,52 even in the absence
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of a signal peptide (Fig. 2A). Hence, the luciferase release assay may not be suited for the
study of reticulophagy (autophagy of the endoplasmic reticulum) that can be induced by
inhibition of p53°2 or chemical treatments resulting in ER stress.14 A different GLUC-based
approach has recently been designed that is better suited for the study of ER stress.>2

Regulation of ATG4B activity

The release of luciferase is highly sensitive over a broad range, robust and directly
dependent on the action of ATG4B protease on a peptide linker drawn from the natural
substrate, LC3. The constitutive proteolytic processing of intact LC3 is thought to occur
shortly after translation, based on evidence that the uncleaved form of LC3 could not be
detected in cells.28 ATG4B can also cleave the lipid anchor (phosphatidylserine or
phosphatidylethanolamine) from lipidated LC3 (LC3-11) and forced expression of ATG4B
has been shown to reduce the amount of this form of the protein, whereas coexpression of
ATG4B with LC3 under nutrient depletion conditions reduces the punctate localization
pattern of LC3.54 Similarly, knockdown of ATG4B increases the level of lipidated LC3-11 in
293 cells.>* In embryonic stem cell lysates, ATG4B expression results in an increase of
cleaved LC3-1 which was attributed to LC3-11 deconjugation.>® In the luciferase release
reporter, the fusion of LC3 to B-actin and Gaussia luciferase stabilizes LC3 in a form that
can be detected as an uncleaved pro-peptide of 83 kDa.2? When expressed in cells, cleavage
by ATG4B results in luciferase release that corresponds to increases or decreases in cellular
ATGA4B activity. The relative resistance of the chimeric reporter substrate to the action of
ATG4B under basal conditions suggests the susceptibility of substrate to ATG4B may more
closely resemble that of GABARAP, another ATG4B target, that is readily detectable in the
unprocessed form by immunoblotting of cell lysates.>

Recent studies have highlighted a potentially complex control of ATG4B activity by post-
translational modifications as well as at the level of transcription. In both humans and rats,
ATG4B expression varies widely between different tissues.?6:5” ATG4B expression is very
high in human heart and skeletal muscle but low in other tissues such as lung and fetal
kidney.>® It has been shown that activation of the transcription factor FOXO3A leads to
induction of autophagy genes including ATG4B in skeletal muscle.%8:° FOXO3A is
inhibited by the serine/threonine kinase AKT.89 Thus, inhibition or ablation of AKT may
lead to activation of FOXO3A and upregulation of autophagy genes. In addition, ATG4B
levels rapidly increase under conditions of starvation,61-63 but the molecular mechanism for
this regulation is not well understood. The rapidity of the increase in ATG4B levels supports
the view that ATG4B activity may be a sensitive indicator for the induction of autophagy.

Post-translational modifications that result in changes in ATG4B activity can be assessed by
this method. For example, the oxidation of cysteine residues of ATG4B results in reduced
deconjugating activity,4 and this mechanism has been proposed as a signaling switch for
ATG4B activity.®5 In addition, ATG4B is phosphorylated at Ser-34,%6 Ser-383 and
Ser-39267-69 in vivo suggesting that ATG4B may be a target of kinases and phosphatases
regulating its activity. To date, the kinases that use ATG4B as a substrate have not been
identified.

Based on enhanced luciferase release upon inhibition of mMTOR20 or shRNA-mediated
ablation of AKT1 (Fig. 2), we suggest that ATG4B activity is controlled by signal
transduction cascades similar to those that induce autophagosome formation. This
hypothesis is supported by studies indicating that insulin- and Akt-dependent signaling
inhibits autophagy in human myeloblastic cell lines.”® Interestingly, in PTEN deficient cells
that have elevated Akt signaling, autophagosome formation has been reported to be strongly
inhibited while lipidation of LC3 was not affected,”? indicating that early steps in
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autophagosome formation can be inhibited by Akt signaling. In contrast, a recent study has
shown enhanced autophagic cell death in the setting of increased AKT signaling following
siRNA-mediated EGFR knockdown’? that is thought to decrease glucose flux into the cell.
Lysosomal clearance of huntingtin aggregates by autophagy has been shown in response to
insulin stimulation and activation of AKT’2 indicating that AKT has opposing effects on
early and late stages of autophagy.

The luciferase release assay may be well-suited for the study of signaling cascades that
activate autophagy as the proteolytic activation of LC3 is thought to measure an early event
of autophagy (Fig. 3). The crystal structure of ATG4B shows that pro-LC3 and LC3-11 are
processed by the same molecular mechanism and in both cases the same LC3 core is
recognized as substrate.”# 7> Thus, the luciferase release assay likely measures the
proteolytic and deconjugating activity of ATG4B (see Fig. 3). Other events such as analysis
of autophagosome formation or lysosomal degradation may be decoupled from the early
phases of the response and if so, their study will likely require the application of different
methods. The appearance of LC3-11 can be studied by immunoblotting and punctate
localization of GFP-LC3, whereas the degradation of LC3 after autophagosomal-lysosomal
fusion can be studied by flow cytometry in combination with lysosomal inhibitor treatments
(Fig. 3). The luciferase release assay measures the steady-state level of LC3 cleavage. The
release of luciferase activity from cells allows non-invasive harvesting of supernatant at
several time points, thus permitting time kinetic measurements. The time-resolved activation
of LC3 cleavage in combination with live-cell imaging of GFP-LC3 will greatly improve the
determination of autophagic flux. In addition, the assay should facilitate the search for states
akin to autophagy that comprise activation of ATG4B or cleavage of LC3 without
committing the cell to the canonical pathway of cellular autocatabolism.

Conclusion and Outlook: In vivo Analysis of Autophagy

Inferences based on the analysis of mice bearing targeted disruptions of candidate genes
have helped to identify fundamental aspects of autophagy in vivo. To analyze autophagy in
whole animals, genetically encoded reporter assays are highly attractive. Such assays would
have advantages in simplicity and ease of quantitation compared to measures that rely on the
morphological analysis of tissues or cells extracted from study animals.
Monodansylcadaverine can be administered to whole organisms such as plants2® and mice,
76 and accumulation of the dansyl fluorophore in certain tissues is indicative of increased
autophagy. However, genetically encoded reporter systems such as the GFP-LC3 or
mCherry-LC3 transgenic mouse32:76 offer many advantages in terms of handling and
analysis.

In the future, transgenic mice expressing the luciferase release reporter system discussed
here may provide convenient, tractably quantitative, mouse models of autophagy. The
detection of Gaussia luciferase in whole animals can be easily accomplished using CCD-
cameras.*®77 In addition, it has been demonstrated that Gaussia luciferase secreted from
tumor cells can be harvested from the blood and urine of mice’® suggesting that the
feasibility of a system that allows the detection and monitoring of autophagic pathways in
whole animals by harvesting body fluids. Such a system could also be applied in animals
bearing experimental tumors that have been engineered to express the sensor. This would
eliminate the need to sacrifice animals for analysis, allowing considerable savings in time,
money, and biological material. A careful evaluation of necrotic cell death as a confounding
factor for luciferase release is required, though we have observed that extensive cell death
results in diminished expression and decreased luciferase release from cultured cells.
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The potential therapeutic benefits that may proceed from a deeper understanding of the
autophagy pathway appear promising. With novel methods that have recently been
described and in vivo animal models, further studies may contribute to the understanding of
autophagy and help identify novel targets for therapeutic approaches.
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Figure 1.

The Luciferase Release Assay. Secreted Gaussia Luciferase (GLUC) can be anchored inside
cells by deletion of the signal peptide and fusion to B-actin. We have inserted full-length
hMAP1LC3 as linker between B-actin and GLUC. Upon proteolytic cleavage of LC3 by
ATG4B, the ANGLUC fragment is released and exported across the cellular membrane.
GLUC activity can be non-invasively harvested from cell culture supernatants and directly

correlates to cleavage of hAMAP1LC3.
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Figure 2.
Rapamycin or shRNA-mediated knockdown of AKT does not affect secretion of ANGLUC.

(A) 293ET cells transfected with ANGLUC were treated for 6 h with 10 pg/ml Brefeldin A
(Bref), 7 uM Monensin (Mon) and 200 nM Rapamycin (Rapa) or left untreated and assayed
for Gaussia Luciferase activity in SN and cell lysates. The release of ANGLUC activity in
SN was normalized to total activity in SN and cell lysates. Shown is the percentage
inhibition of secreted dNGLUC activity from three independent transfections. Inhibition of
ER/Golgi trafficking by Brefeldin and Monensin reduced dNGLUC secretion, while
treatment with Rapamycin had no effect. (B) 293ET cells transfected with shRNA targeting
AKT1,20 or the parental pLKO vector plus Actin-LC3-dNGLUC or dNGLUC were cultured
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for 72 h prior to harvesting of SN and cell lysis. Shown is the fold release of GLUC activity
of secreted activity as ratio of total activity. Significances were calculated with a two-sided
paired T-Test from three independent transfections (**p < 0.01). shAKT1 resulted in a 2-
fold increase in luciferase release compared to vector control while ANGLUC secretion was
not affected by shAKT1 knockdown. C, shRNA-mediated knockdown reduces expression of
AKT1 but not B-actin. Whole cell lysates were resolved by 10% SDS-PAGE,
immunoblotted with antibodies against AKT (Cell Signaling) and B-Actin (Abcam) and
detected using the Odyssey Infrared Imaging System (LiCor). For technical details see
Reference Ketteler et al.20
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Figure 3.

Sequential analysis of LC3 processing during autophagy. LC3 undergoes three distinct
processing steps: ATG4B-mediated cleavage of the C-terminus (A), conjugation of
phosphatidylethanolamine by ATG3/7 (B) and delipidation by ATG4B (C) resulting in
lysosomal degradation (shaded box). Specific assays to measure these events are indicated.
The luciferase release assay measures proteolytic cleavage of LC3, but may also be subject
to inputs that regulate delipidation of LC3.
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Table 1
Overview of cell-based autophagy assays
Assay Large Quantitation In vivo Specificity
scale assay@
Electron Microscopy No SemiC No High
GFP-LC3 Yes SemiC Transgenic High
Mouse3®
LC3 immunoblotting No No No High
Flow Cytometry Yes Yes No Indirect®
Monodansylcadaverine  Yes SemiC Yes’6 Low
Amino acid and No Yes No Indirect®
Sugar radiolabeling
Lactate No Yes No Indirect®
Dehydrogenase
Luciferase Release Yes Yes TBD ATG4B
cleavage

%in higher organisms;
requires the use of inhibitors to ensure specificity for autophagic processes;

c I . .
quantitation of number or size of autophagosomes possible; (TBD, to be demonstrated).

1duasnuey Joyiny vd-HIN

wduosnue Joyiny vd-HIN

Autophagy. Author manuscript; available in PMC 2010 July 27.



