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ABSTRACT
Macroautophagy/autophagy is a catabolic process by which cytosolic content is engulfed, degraded 
and recycled. It has been implicated as a critical pathway in advanced stages of cancer, as it 
maintains tumor cell homeostasis and continuous growth by nourishing hypoxic or nutrient-starved 
tumors. Autophagy also supports alternative cellular trafficking pathways, providing a mechanism of 
non-canonical secretion of inflammatory cytokines. This opens a significant therapeutic opportunity 
for using autophagy inhibitors in cancer and acute inflammatory responses. Here we developed a 
high throughput compound screen to identify inhibitors of protein-protein interaction (PPI) in 
autophagy, based on the protein-fragment complementation assay (PCA). We chose to target the 
ATG12-ATG3 PPI, as this interaction is indispensable for autophagosome formation, and the analyzed 
structure of the interaction interface predicts that it may be amenable to inhibition by small 
molecules. We screened 41,161 compounds yielding 17 compounds that effectively inhibit the 
ATG12-ATG3 interaction in the PCA platform, and which were subsequently filtered by their ability 
to inhibit autophagosome formation in viable cells. We describe a lead compound (#189) that 
inhibited GFP-fused MAP1LC3B/LC3B (microtubule associated protein 1 light chain 3 beta) puncta 
formation in cells with IC50 value corresponding to 9.3 μM. This compound displayed a selective 
inhibitory effect on the growth of autophagy addicted tumor cells and inhibited secretion of IL1B/IL- 
1β (interleukin 1 beta) by macrophage-like cells. Compound 189 has the potential to be developed 
into a therapeutic drug and its discovery documents the power of targeting PPIs for acquiring 
specific and selective compound inhibitors of autophagy.
Abbreviations: ANOVA: analysis of variance; ATG: autophagy related; CQ: chloroquine; GFP: green 
fluorescent protein; GLuc: Gaussia Luciferase; HEK: human embryonic kidney; IL1B: interleukin 1 beta; 
LPS: lipopolysaccharide; MAP1LC3B/LC3B: microtubule associated protein 1 light chain 3 beta; PCA: 
protein-fragment complementation assay; PDAC: pancreatic ductal adenocarcinoma; PMA: phorbol 
12-myristate 13-acetate; PPI: protein-protein interaction. VCL: vinculin.
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Introduction

Autophagy is an evolutionarily conserved catabolic process by 
which cytosolic content of a cell, such as damaged organelles 
and proteins, is engulfed within a double-layer membrane vesicle, 
called the autophagosome, which delivers its content to the lyso-
some for degradation [1,2]. This degradative arm of autophagy is 
active at basal levels in all eukaryotic cells as a means to maintain 
homeostasis. Under stressful conditions, such as nutrient starva-
tion or hypoxia, it is upregulated and serves as a stress response 
mechanism [3]. The removal of damaged proteins and organelles 
from the cell by autophagy, in addition to providing building 
blocks for the synthesis of new macromolecules and energy, 
enables the cell to overcome the stressful conditions and regain 
homeostasis. This essential role of autophagy is adopted by tumor 
cells to promote their survival and proliferation at advanced stages 
of tumor development [4,5].

In advanced stages of tumorigenesis, many types of solid 
tumors, primary as well as metastatic, have been shown to 
depend on autophagy, which becomes essential for coping 
with the various stress conditions that develop in the tumor 
microenvironment [6–8]. For example, the inner cells within 
the tumor mass are under constant stressful conditions such 
as hypoxia and nutrient starvation, and therefore autophagy is 
crucial for their survival [9]. In particular, RAS-driven cancers 
such as pancreatic cancer depend on autophagy [10], since 
autophagy is required to maintain nucleotide pools during 
unconstrained cell proliferation and functional mitochondria 
necessary for metabolism and energy homeostasis. In addi-
tion, during chemotherapy or targeted cancer therapy, auto-
phagy is up-regulated in the tumor cells, counteracting drug- 
induced killing. For these reasons, tumor cells develop depen-
dency on autophagy for their continuous survival [11–14]. 
The dependence of various tumors on excessive levels of
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autophagy has been termed in the literature “autophagy 
addiction,” and re-defines this essential cellular process as a 
potential therapeutic target for cancer treatment.

Autophagy also supports alternative cellular trafficking 
pathways, providing a mechanism of non-canonical protein 
secretion [2,15–17]. This arm of autophagy-dependent secre-
tion (the secretory arm, also named autosecretion) enables 
leaderless cytokines and other danger/damage-associated 
molecular patterns (DAMPs) proteins to exit the cell without 
entering the ER- and Golgi-based secretory pathway, via a 
compartment intermixed with autophagic organelles [18,19]. 
It confers a role for autophagy in the cytokine storm that 
occurs during acute inflammatory response, for example, fol-
lowing bacterial infections or during sterile inflammation 
induced by lipopolysaccharide (LPS) administration [20,21].

Overall, the essentiality of the degradative arm of autophagy 
to maintain the survival of tumor cells at advanced cancer stages, 
and its participation in cytokine secretion, provides a significant 
therapeutic opportunity for using autophagy inhibitors in cancer 
and acute inflammatory diseases [22]. Yet, the field lacks highly 
specific and selective drugs. Clinically approved compounds 
such as chloroquine (CQ) or its derivative, hydroxychloroquine, 
lack specificity as they inhibit lysosomal functions and thus have 
various off-target effects [14,20]. Other efforts to target autopha-
gy by small compounds are based on inhibition of upstream 
autophagy regulating kinases such as ULK1, a serine/threonine 
kinase [23], and PIK3C3/VPS34, a lipid kinase [24]. Yet, these 
drugs display multiple pleiotropic effects due to the fact that 
ULK1 and PIK3C3 each has additional autophagy-independent 
roles, and because these drugs also cross-react with other kinases 
with similar catalytic domains. Here we hypothesized that tar-
geting protein-protein interactions by small molecules may dis-
play higher selectivity to autophagy, as even if each protein 
partner has other non-relevant functions, by targeting the spe-
cific interface between a pair of proteins, the probability of off- 
target effects is significantly reduced. From among the various 
pairs of proteins participating in the process of autophagy, we 
chose to target the interaction between ATG12 and ATG3 that is 
part of a ubiquitin-like conjugation pathway driving LC3B lipi-
dation. ATG3 is an E2-like conjugating protein that by directly 
binding to the ATG12 protein within the E3 ligase complex 
(comprising the ATG12–ATG5 conjugate and ATG16L1), deli-
vers the ubiquitin-like protein LC3B to a membrane lipid to 
drive elongation and closure of autophagosome membranes 
[2,25]. The essentiality of ATG12-ATG3 to autophagosome 
expansion and maturation implies that this pathway is indis-
pensable for both the degradative and secretory arms of 
autophagy.

To develop specific inhibitors of autophagy, we established 
a sensitive screening platform, based on split luciferase com-
plementation assays, for discovering compounds that inhibit 
the ATG12-ATG3 interaction using a cell lysate mixing pro-
tocol. Positive hits were then filtered to choose the com-
pounds that inhibit autophagy in live cells, and were tested 
in two different cell culture-based disease models. We report 
on a new compound discovered by this screening pipeline that 
inhibited the autophagy process in cells, displayed selective 
anti-growth effects in autophagy addicted tumor cells, and 
inhibited cytokine secretion by macrophages.

Results

Choosing the ATG12-ATG3 interaction as target for 
inhibition

The rationale for choosing the ATG12-ATG3 interaction as a 
target for drug screening was twofold. First, the ATG12-ATG3 
interaction is exclusive to autophagy, with no other known 
functions in other biological processes, and is reversible with 
a Kd ranging between 50–100 nM [26]. Secondly, the resolved 
crystal structure of the interaction interface between the two 
proteins predicts that it may be amenable to inhibition by small 
molecules. The structure comprises an alpha helical peptide 
protruding from ATG3 entering into a cavity in ATG12, and 
depicts hot spots that should be amenable for inhibition by 
small molecules. The hot spots at the interface of the two 
proteins were previously mapped, including a single anchoring 
residue (Met157) in the helical peptide of ATG3, and several 
residues on the surface of ATG12. Single mutation of Met157 
in ATG3, or in each of the corresponding hot spot residues in 
ATG12 (Lys54, Lys72, and Trp73) interferes with the binding 
between these proteins and blocks LC3B lipidation and auto-
phagy, suggesting that the interaction between these two pro-
teins through this specific interface is indispensable for the 
autophagy process [27]. To provide further support of the 
central role of ATG3 residue Met157 in the interaction with 
ATG12, we applied the ANCHORSmap program [28]. 
According to this prediction, Met157 bound strongly and pre-
ferentially to a hydrophobic pocket on the surface of ATG12 
(Figure S1), delimited by residues Trp73, Val75, Leu84 and 
Phe87. Met157 acted as a binding anchor whereas Asp156, 
Glu158 and Glu161, which made surface H-bonds with 
ATG12 residues Lys54 and Arg79, acted as potential latches 
[29] rather than anchoring residues. Altogether, the structural 
considerations taken together with the essentiality and exclu-
sivity of the interaction make the ATG12-ATG3 PPI a promis-
ing target for discovering small molecule autophagy inhibitors. 
Notably, this interaction differs from a previously described 
covalent conjugation of ATG3 to ATG12 that involves an 
isopeptide bond between the C-terminal glycine of ATG12 
and Lys 243 in ATG3, and has other cellular functions not 
related to autophagy [30]. Thus, compounds that interfere with 
the ATG12-ATG3 PPI through Met 157 of ATG3 docking in 
the ATG12 cleft are not predicted to block the unrelated con-
jugation of ATG12 to ATG3, underscoring the benefit of devel-
oping PPI inhibitors that are specific to a particular surface 
interaction between the ATG12-ATG3 pair.

Establishing the PCA-based high-throughput screening 
platform

The screening platform used here is based on the protein-frag-
ment complementation assay (PCA) [31]. This assay, previously 
used in our lab for the purpose of detecting novel PPIs within the 
autophagy and apoptosis pathways [32], is based on co-expres-
sion of two proteins of interest, each one fused to an inactive 
fragment of Gaussia luciferase, GLuc1 (L1) or GLuc2 (L2). Upon 
interaction of the two proteins, the luciferase fragments are 
brought into proximity, whereby they fold to form the fully 
active luciferase protein, resulting in emission of luminescence
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signal upon addition of its substrate (Figure 1A). This quantita-
tive and sensitive assay was adjusted in our lab for the detection 
of small molecule PPI inhibitors in general, and specifically here 
for inhibition of the ATG12-ATG3 interaction. To this end, the 
luciferase fragments were fused to the C-terminal ends of 
ATG12 and ATG3, a position that does not interfere with the 
interaction between the two proteins. First, we calibrated the 
PCA platform, moving from the previously used format of co- 
expression of the two reporter genes in cells, to a cell lysate 
mixing format, each derived from transfection of individual 
reporter genes. The assumption was that pre-exposing one 
reporter protein partner (ATG12-L1) to the small compound, 
before adding the second reporter protein partner (ATG3-L2) 
will increase the odds of detecting inhibitory compounds. To this 
end, we calibrated and optimized a number of assay conditions, 
including the optimal time length of cell lysate mixing incuba-
tion. Applying the final conditions of the mixing protocol 
worked very well, as shown in Figure 1B. Mixing of lysate 
expressing ATG12-L1 with lysate expressing ATG3-L2 yielded 
high luminescence signal (Figure 1B). In contrast, mixing 
ATG3-L2 with ATG12-L1K54D, a variant bearing a mutation 
within a residue that was identified as critical for the ATG12- 
ATG3 interaction (Figure S1), showed similar background levels 

of luminescence as ATG3-L2 alone, confirming the specificity of 
the signal. To determine whether this mixing protocol is amen-
able for detecting potential inhibitory small compounds, another 
pair of GLuc-reporter genes, BCL2L1(BCL-XL)-L1 and BAX-L2 
[32], which provided strong luminescent signals in the mixing 
protocol (Figure 1C), was assayed in the presence of their known 
compound inhibitor, ABT-737. Incubation of the drug with 
BCL2L1-L1 cell lysates for 1 h prior to mixing with the BAX- 
L2 cell lysates resulted in a significant decrease in luminescence, 
providing a proof-of-concept for the ability to detect inhibitory 
compounds in the mixing protocol. The calibrated platform was 
then adapted for the high-throughput robotic system, and the 
screening workflow is shown schematically in Figure S2.

Screening compound libraries of small molecules

Several compound libraries were screened with the high- 
throughput experimental platform (Figure 2). All compounds 
were plated in 384-well plates (at 10 μM), and further incu-
bated with ATG12-L1 and ATG3-L2, as described in the 
Materials and Methods. After 24-h incubation, luciferase sub-
strate was added to the plates and luminescence was mea-
sured. The ATG12-L1K54D mutant was used as a positive
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control for disruption of the PPI in these screens (a value 
corresponding to maximal inhibition) relative to the negative 
control (no compound). In total, 41,161 compounds from 6 
different libraries were screened. From the primary screen, 
785 compounds passed the threshold of >20% inhibition and 
were identified as hits (1.9% hit rate).

The positive hits from the initial screen were then reex-
amined in triplicate for hit validation and triaged by medic-
inal chemists to remove compounds with problematic 
physical characteristics. Eventually, 24 compounds were cho-
sen and re-synthesized for further examination. The dose 
response curves of the 24 re-synthesized compounds were 
determined in cell lysates, using the same protocol adapted 
for the compound screen (Table 1). 17 compounds displayed 
IC50 corresponding to 9–40 µM, and for the remaining com-
pounds, no effect could be measured at this concentrations 
range (up to 100 µM).

Validating inhibitors of autophagy in Green Fluorescent 
Protein (GFP)-LC3B cell-based assay

The inhibitory effects of the compounds on autophagy in live 
cells was then tested by a high-throughput cell-based assay. In 

this assay, human embryonic kidney (HEK) 293A cells stably 
expressing GFP-LC3B were treated with each of the 17 active 
compounds at different concentrations for 22 h, followed by 
induction of autophagy by 2 h treatment with the MTOR 
(mechanistic target of rapamycin kinase) inhibitor torin1. 
The lysosomal inhibitor CQ was added to block fusion of 
the mature autophagosome with the lysosome, resulting in 
accumulation of autophagosomes in cells. After staining for 
nuclei and fixation, autophagosomes were visualized as GFP 
positive cytoplasmic puncta by fluorescence microscopy. 
Three of the 17 tested compounds were active in cells, result-
ing in reduced puncta formation with IC50s that ranged 
around 10 μM (Table S1). The summary of the outcome of 
the global screen is shown in Figure 3.

Characterization of compound 189

One of the compounds found to be active in cells was com-
pound 189 (Figure 4A). The dose response curve measuring 
its inhibitory effects on GFP-LC3B-positive membrane area/ 
cell yielded an IC50 value corresponding to 9.2 μM (Figure 4B 
and C). Western blot analysis provided an independent proof 
for the inhibitory effect of compound 189 on LC3B lipidation;
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Figure 3. Pyramid scheme of the compound’s filtration through the screen pipeline. 41,161 compounds were screened in the primary screen, with 785 hits in total 
(1.9% hit rate). Out of these, 24 compounds passed validation and triage by medicinal chemists, and were re-synthesized for further validations. Out of the 24 re- 
synthesized compounds, 17 showed dose-response in the PCA system, and 3 were found to be active in cells. Scheme created with BioRender.com. 
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Table 1. List of re-synthesized compounds with dose-response curves and calculated IC50 measured in 
the PCA system.

(Continued )
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Table 1. (Continued). 

(Continued )
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incubation with compound 189 reduced the levels of lipidated 
LC3B (LC3B-II) relative to the unlipidated form (LC3B-I) 
upon induction of autophagosomes with torin1 and CQ 
(Figure 4D). In parallel, accumulation of the autophagy 
cargo receptor SQSTM1/p62 was enhanced by addition of 
compound 189 to torin1- and CQ-treated cells, as expected 
for an inhibitor of autophagy (Figure 4E). To prove direct 
binding of compound 189 to ATG12 protein, purified recom-
binant ATG12-Flag was prepared (Fig. S3) and used in surface 
plasmon resonance (SPR) in vitro binding assays, which 
showed a direct dose-dependent binding between compound 
189 and ATG12-Flag; subsequent dissociation excluded cova-
lent binding (Figure 4F).

Validating compound activity in cell-based disease 
models

Compound 189 was tested in two independent cell-based 
disease models in which autophagy is involved: autophagy 
addicted cancer cell lines, and cytokine secretion by macro-
phages. Pancreatic cell lines established from pancreatic duc-
tal adenocarcinoma (PDAC) tumors have high basal levels of 
autophagy, and have been shown to be highly dependent on 
autophagy for survival and growth [9,10]. The PANC1 PDAC 
cell line was therefore used to test the effect of compound 189 
on basal autophagy levels over 4 days, compared to treatment 
with CQ, used as a nonspecific autophagy inhibitor. To prove 
selectivity, the results were compared with an independent 
cell line, NCI-H460 human lung cancer cells, whose growth 
does not depend on autophagy, as shown previously [9,10]. As 
expected, the basal levels of LC3B lipidation were high in the 
PANC1 cells, in contrast to the normal low basal levels in 
NCI-H460 cells (Figure 5A). The differential effects of com-
pound 189 on the growth curves of these two cell lines were 
significant; compound 189 reduced the number of viable 
pancreatic cancer cells compared to untreated cells, similar 
to the CQ positive control. In contrast to untreated cells that 
continuously proliferated over the 4-day time-course, upon 
treatment with compound 189 (5 µM), cell growth plateaued 
between 2–4 days (Figure 5B). In contrast, treatment with 
either compound 189 or CQ had no effect on the growth of 
the non-autophagy addicted NCI-H460 cells. At the final day 
of the experiment (day 4), compound 189 reduced the growth 
of PANC1 cells by >50%, similar to CQ (Figure 5C). This 
effect could be generalized to additional cancer cell lines with 
RAS mutations; compound 189 had similar growth restrictive 

effects on endometrial adenocarcinoma HEC-1A cells and 
lung carcinoma NCI-H1299 cells [10] (Figure 5C). These 
cell lines are also autophagy addicted, as seen by their sensi-
tivity to established autophagy inhibitors (Figure 5C) and the 
high levels of LC3B-II observed on western blot (Figure 5A). 
Notably, there was no evidence to suggest that compound 
189ʹs effects on the autophagy addicted cancer cell lines 
were due to enhanced cell death, as CASP3 (caspase 3) activa-
tion, a common marker for apoptosis, was not observed on 
western blot (Figure S4A).

To test the inhibitory effects of compound 189 on auto-
phagy flux in PDAC cells, a stable polyclonal population 
expressing the RFP-GFP-LC3B reporter was generated 
(Figure 5D). As expected, basal levels of autophagy in these 
cells were high; many autolysosomes (red-only puncta, the 
GFP signal is quenched by the low pH within the autolyso-
some) were observed in the absence of any treatment (Figure 
5E). Compound 189 significantly reduced the number of 
autolysosomes. Treatment with CQ resulted, as expected, in 
a shift toward increased number of autophagosomes at the 
expense of autolysosomes, as autophagosomes failed to fuse 
with lysosomes. Combined treatment with compound 189, 
however, resulted in a strong reduction in the number of 
both autophagosomes and autolysosomes observed, with 
minimal change in their proportions, as expected from an 
inhibitor of the conjugation steps necessary for autophago-
some formation. These findings suggest that compound 189 is 
effective in reducing the continuous growth of autophagy 
addicted tumor cells by suppressing the high basal levels of 
autophagy flux through inhibition of the ATG12-ATG3 
interaction.

In order to examine the compound’s inhibitory effect on 
autophagy-dependent secretion, IL1B (interleukin 1 beta) 
secretion was measured in two LPS-treated macrophage-like 
cell lines, RAW 264.7 mouse cells and human acute mono-
cytic leukemia THP-1 cells. Dexamethasone (an inhibitor of 
IL1B expression [33,34]) was used as a positive control in 
both systems. Addition of compound 189 to LPS treated 
RAW 264.7 cells reduced the secreted levels of IL1B by 86% 
(Figure 6A). Western blots showed reduced lipidated LC3B 
levels in compound 189 treated cells, confirming the inhibi-
tory effect of compound 189 on autophagy (Figure S4B). 
Similarly, in LPS stimulated THP-1 cells that were pretreated 
with phorbol 12-myristate 13-acetate (PMA) to induce 
maturation to macrophage-like cells, compound 189 reduced 
the secreted IL1B levels by 73% (Figure 6B). These data

Table 1. (Continued). 
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Figure 5. Compound 189 reduces autophagy levels and the growth of autophagy-addicted pancreatic cancer cells. (A) Western blot showing levels of lipidated and 
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PANC1 stable cells were treated with compound 189 (10 µM) and CQ (10 µM) for 24 h, followed by fixation and DAPI staining, and imaged by confocal microscopy. 
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suggest that compound 189 has the potential to inhibit the 
secretory arm of autophagy.

Discussion

The central role of autophagy in various human diseases 
has made it a valuable target for therapies. In some classes 
of diseases, including lysosomal storage disorders [35], neu-
rodegenerative diseases [36] and aging [37], enhancement 
of autophagy can be beneficial for treating patients, and 
indeed a variety of autophagy inducers have shown thera-
peutic benefits in mouse models [35,38]. In other diseases, 
such as advanced cancer and acute inflammation (including 
cytokine storm), inhibition of either the degradative or 
secretory arms of autophagy has the potential to reduce 
the progression of these diseases, either by stand-alone 
[9,20,39] or combinatorial [22,40–42] treatments. The use 
of autophagy inhibitors has progressed to clinical trials of 
various phases [22,42,43], however to date, no autophagy- 
selective drugs lacking off-target effects have been found in 
the clinical pipeline [43–45]. As the field lacks, and defi-
nitely needs, potent and more specific autophagy inhibitors, 
the change in direction for drug discovery taken here, to 
yield high specificity and selectivity, is a significant advance 
in the field. Our strategy to develop specific and direct 
inhibitors of autophagy is based on three fundamental 
principles: (1) Targeting the core machinery of autophagy, 
which enables direct inhibition of the molecular pathways 
that drive the formation of the autophagosome, rather than 
upstream regulators that often have multiple functions and 
may even be bypassed. (2) Targeting protein-protein inter-
action within a pair of proteins that interact through an 
exclusive interface, thus significantly reducing the possibi-
lity of off-target effects, even if each protein has additional 
independent non-autophagy functions. (3) The crystal 
structure of the interaction interface between the two pro-
teins depicts hot spots that are amenable for inhibition by 
small molecules. The choice of the ATG12-ATG3 interac-
tion as a target for drug development integrates these three 
principles, as it is a part of the core machinery and is 
restricted to the autophagy pathway. The essentiality of 
this PPI to the autophagy pathway has been well established 
[26,27], and our computational analysis of the interaction 
surface together with previous mutational scanning con-
firmed the anchoring spots in the interface, which can be 
targeted by small molecules.

Notably, the development of the cell lysate mixing protocol 
provides a novel and efficient platform for high-throughput drug 
screening to identify PPI inhibitors based on the PCA system, 
with several advantages over co-transfections [31] and measure-
ments in live cells [46]. The sensitivity of the PCA platform 
enables quantification of the interaction inhibition accurately 
and determination of compound IC50. The findings that only 3 

out of 17 compounds were effective in the cell-based assays 
suggests that many of the compounds that passed the robust 
pipeline in the PCA cell lysates nevertheless failed to penetrate 
into cells, or are rapidly degraded in the cells and do not reach the 
ATG12-ATG3 complexes. Yet, for the compounds that did work 
in cells, high specificity toward autophagy is expected, due to the 
prior targeting of the ATG12-ATG3 complex, providing an 
advantage over compound screens based on autophagy inhibition 
in viable cells, in which the majority of hits are indirect and not 
relevant.

Overall, we have successfully established a sensitive and 
accurate high-throughput system for detection of PPI inhibi-
tors using an established PPI detection system. By mixing 
lysates individually expressing each component, small mole-
cules targeting the proteins could be introduced prior to their 
interaction, which resolved the competitive advantage of 
ATG3 binding to ATG12. This system was used to screen 
~41,000 compounds from 6 different libraries, with three 
compounds passing the pipeline and showing inhibitory 
effects on autophagy in cells. Additional work with one of 
these compounds, compound 189, in two disease models, 
proved its potential clinical use. It impaired the growth of 
autophagy-addicted RAS-driven cancer cells, but not of the 
non-addicted lung cancer cells, providing the first proof-of- 
principle that this compound should be further studied for its 
potential anti-cancer effects. Inhibition of the secretory arm of 
autophagy led to the reduction of cytokine secretion from 
macrophages, the first indication that it may be used in 
acute inflammatory responses to reduce harmful cytokine 
secretion [16,17,20].

Further development of compound 189 into a pharmaceu-
tical drug will require structure activity relationship (SAR) 
studies and hit optimization to improve its efficacy to nM 
scale in cells. This will allow, after examining chemical 
absorption, distribution, metabolism, excretion, and toxicity 
(ADMET) properties, to test its effect in mouse disease mod-
els that involve the degradative and secretory arms of auto-
phagy. Broadly, its discovery demonstrates that targeting PPIs 
in the core machinery of autophagy using the PCA platform is 
a promising strategy for the discovery of autophagy specific 
inhibitory compounds.

Materials and Methods

Computational anchoring spots mapping

The program ANCHORSmap [28] was used to analyze the 
surface of a protein to detect cavities and sub-cavities that can 
accommodate the side chain of a single amino acid. It defined 
anchoring spot as a cavity on the surface of a protein plus a 
protruding residue from another protein that binds in this 
cavity. Thousands of amino-acid probes were scattered near 
the cavities and preferred binding locations were determined

Scale bar: 10 µm. (E) Quantification of number of autophagosomes (yellow) and autolysosomes (red) per cell. The number of autolysosomes was calculated as the 
number of red dots minus the green dots (autophagosomes). Data was normalized to the number of autolysosomes in the DMSO-treated cells, mean ± SD, n = 3 
independent biological repeats. Statistical significance was determined by two-way ANOVA with Sidak’s multiple comparisons test, *P < 0.05; ***P < 0.001. 
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through iterative energy minimization and clustering. In the 
final step, the binding ΔG of the optimally posed probes was 
estimated using a semi-empirical scoring function that 
includes van-der-Waals, electrostatic and desolvation terms. 
Since the probes represent amino acids that are part of a 
protein, the electrostatic energy term was corrected for the 
dielectric shielding exerted by an approaching protein. Low 
ΔG (≤ −4 kcal/mol) anchoring spots correspond to experi-
mentally detected hot spots.

DNA constructs

The PCA plasmids used in this study (ATG12-L1 WT, ATG3- 
L2, BCL2L1/BCL-XL-L1 and BAX-L2) were previously gener-
ated by our lab and described [32]. Mutant ATG12-L1K54D 

was generated by restriction-free cloning using the KAPA 
HiFi HotStart ReadyMixPCR Kit (Kapa Biosystems, 
KK2601) according to the manufacturer’s protocol. The 
fused luciferase fragments include a linker sequence between 
the C-terminal end of the proteins (IDGGGGSGGGGSSG) 
and the following fragments: 

GLuc1 (L1):
KPTENNEDFNIVAVASNFATTDLDADRGKLPGKKLPL-

EVLKEMEANARKAGCTRGCLICLSHIKCTPKMKKFIPGR-
CHTYEGDKESAQGGIG
GLuc2 (L2):

EAIVDIPEIPGFKDLEPMEQFIAQVDLCVDCTTGCLKG-
LANVQCSDLLKKWLPQRCATFASKIQGQVDKIKGAGGD

Cell culture

HEK 293 T cells (ATCC, CRL-3216), HEK 293A GFP-LC3 
stable cell line (a kind gift from Sharon Tooze, The Francis 
Crick Institute, London, England [47]), PANC-1 cells (ATCC, 
CRL-1469) and RAW 264.7 cells (ATCC, TIB-71) were grown 

in Dulbecco Modified Eagle Medium (DMEM; Biological 
Industries, 01–055-1A). NCI-H1299 cells (ATCC, CRL-5803) 
and NCI-H460 (ATCC, HTB-177) were grown in RPMI 
(Biological Industries, 01–104-1A), and HEC-1A (ATCC, 
HTB-112) in DMEM/F12 (Thermo Fisher Scientific-Gibco, 
21,331–020) medium. THP-1 cells (ATCC, TIB-202) were 
grown in suspension in flasks in RPMI medium. All media 
were supplemented with 10% fetal bovine serum (Thermo 
Fisher Scientific-Gibco, 12,657–029), 1% penicillin-streptomy-
cin (Biological Industries, 03–031-1B), 1% glutamine 
(Biological Industries, 03–020-1A). Cells were routinely mon-
itored for mycoplasma contamination.

Cell lysate production

HEK 293 T cells grown on 15 cm plates (4.5x106) were co- 
transfected with 30 μg Luc-fragments plasmids using calcium- 
phosphate transfection reagents [48]. After 48 h, the cells were 
harvested and lysed in luciferase lysis buffer (25 mM Tris, pH 
8.5 [Thermo Fisher Scientific, 77–86-1], 150 mM NaBr [Alfa 
Aesar, Thermo Fisher Scientific, 03644], 5 mM EDTA 
[Avantor, 8993–01], 0.1% NP40 [Sigma-Aldrich, I8896], 5% 
glycerol [Bio-Lab, 000712022300], 65 µM sodium oxalate 
[Thermo Fisher Scientific, AC207725000], 0.5 mM reduced 
glutathione [Thermo Fisher Scientific, AC120000050], 
0.5 mM oxidized glutathione [Thermo Fisher Scientific, 
AC320220050]). The buffer was supplemented with 10 μl/ml 
0.1 M PMSF (Sigma-Aldrich, 93,482) and 1% protease 
(Sigma-Aldrich, P8340) and phosphatase (Sigma-Aldrich, 
P0044) inhibitor cocktails. The lysates were filtered through 
0.45 µM filter (Whatman™, 10,462,100) and stored at −80°C.

High-throughput PCA experiments

ATG12-L1 WT/K54D-containing lysate (5 µl) was injected to 
384 well-plates pre-printed with compounds (10 µM final
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Figure 6. Compound 189 reduces IL1B secretion in LPS-treated macrophage-like cells. (A) RAW 264.7 cells were treated with LPS (1 μg/ml) combined with DMSO, 
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concentration) and incubated at 4°C for 1 h, followed by 
injection of ATG3-L2-containing lysate (5 µl) and incubation 
in 4°C for 24 h. Next, native coelenterazine (Prolume, 303– 
10), diluted 1:250 in luciferase assay buffer (25 mM Tris, pH 
7.75, 1 mM EDTA, 0.5 mM reduced glutathione, 0.5 mM 
oxidized glutathione, 75 mM urea [MP Biomedicals, 
821,527] and 2 mM sodium ascorbate [Alfa Aesar, Thermo 
Scientific Chemicals, A17759]), was injected to each well 
(10 μl) and luminescence signal (integrated over 10 seconds 
at gain 3000) was read using PHERAstar microplate lumin-
ometer (BMG labtech, Germany).

Western blot

Cells were lysed in luciferase lysis buffer, as described 
above. The buffer was supplemented with 10 μl/ml 0.1 M 
PMSF (Sigma-Aldrich, 93,482) and 1% protease (Sigma- 
Aldrich, P8340) and phosphatase inhibitor cocktails 
(Sigma-Aldrich, P0044). Proteins were separated by SDS- 
PAGE and transferred to PVDF membranes, which were 
incubated with antibodies to LC3B (Sigma, L7543; 1:1000), 
ATG12 (Cell Signaling Technology, 2010S; 1:1000), VCL 
(Sigma-Aldrich, V9131; 1:10,000), GAPDH (Merck, 
MAB374; 1:1000), SQSTM1/p62 (BD Transduction, 
610,832; 1:1000), and CASP3 (Cell Signaling Technology, 
C-9664S; 1:500). Detection was done with either horse-
radish peroxidase (HRP)-conjugated goat anti-mouse 
(Jackson ImmunoResearch, 115–035-003) or anti-rabbit 
(Jackson ImmunoResearch, 111–165-144) secondary anti-
bodies, followed by enhanced chemiluminescence using 
EZ-ECL (Biological Industries, 20–500). Protein levels 
were quantitated using Image Studio Lite software (LI- 
COR Biosciences) with normalization to loading control 
protein, as indicated in figures, within the linear range of 
detection.

Cloning, expression and purification of recombinant 
ATG12

The DNA fragment bearing N-terminal poly-His-tag, thiore-
doxin protein, TEV protease recognition site and 
ATG12_cFlag was prepared by PCR using T7 promoter pri-
mer and DH-316 reverse primer(5’- 
CCGGTACCCTTGGCAAAGCACCCCTTGTCGTCATCGT-
CTTTG-3’) from a pETHis Trx vector [49] containing Atg- 
Flag as a template. The fragment digested by Nde I (New 
England BioLabs, R0111S) and Kpn I (New England BioLabs, 
R3142S) was ligated into appropriate sites of pTYB2 vector 
(New England BioLabs, N6702). Resulting recombinant 
expression vector pTYB-Trx-ATG12_cFlag DNA sequence 
was confirmed by sequencing.

One ShotTM BL21 StarTM (DE3) competent E. coli cells 
(ThermoFisher Scientific, C601003) were transformed by 
pTYB-Trx-ATG12_cFlag vector and incubated overnight at 37° 
C in LB medium with 100 μg/ml ampicillin (Sigma-Aldrich, 
A9518). The modified autoinduction medium ZYP-5052 [50] 
was inoculated by LB culture and grown at 30°C under vigorous 
shaking to OD600 of 1. The temperature was then switched to 18° 
C, and cultures were grown overnight. The cells were harvested 

by centrifugation. Cell pellets were resuspended in lysis/wash 
buffer (300 mM NaCl [Thermo Fisher Scientific, 02–004-047], 
50 mM Tris, pH 8, 0.5 mM Tris (2-carboxyethyl) phosphine 
hydrochloride (TCEP [Merck, C4706], 10% glycerol [Thermo 
Fisher Scientific, 02002936], 20 mM imidazole [Sigma-Aldrich, 
I2399]) and disrupted by French pressure cell press. The cell-free 
lysate was loaded onto a HisPurTM Ni-NTA resin (Thermo 
Scientific, 88,222), washed and recombinant protein was eluted 
with 300 mM imidazole in lysis/wash buffer. Dialysis against 
lysis/wash buffer together with cleavage by TEV protease was 
performed overnight at 4°C. Separated thioredixin was subse-
quently removed by reverse His-tag purification and the N- 
terminal cleavage of intein was induced by addition of 50 mM 
dithiothreitol (Sigma-Aldrich, D9779). Remaining dithiothreitol 
was removed by dialysis against 50 mM NaCl, 50 mM Tris, pH 8, 
10% glycerol, 3 mM 2-mercaptoethanol (Invitrogen, 31,350–10) 
and ATG12 protein was isolated by ion exchange chromatogra-
phy on HiTrapTM Q XL column (Cytiva, 17,515,901) using a 
linear gradient of NaCl. The protein was then subjected to final 
size exclusion chromatography using HiLoadTM SuperdexTM 75 
pg column (Cytiva, 11,380,342).

Surface plasmon resonance experiments

For the surface plasmon resonance experiments, Biacore S200 
(GE Healthcare, Sweden) was used. For the preparation of the 
ATG12-Flag immobilized sensor chip, purified ATG12-Flag 
in HEPES buffer (50 mM HEPES [Bio-Lab Ltd, 773,233,100], 
50 mM NaCl, and 3 mM β-mercaptoethanol) was injected 
upon a Series S Sensor Chip CM5 (Cytiva, GE Healthcare, 
14100530S). The running buffer contained 50 mM HEPES, 
50 mM NaCl, 3 mM β-mercaptoethanol, and 5% DMSO 
(Sigma-Aldrich, D2650). Compound 189 was diluted in run-
ning buffer as indicated and injected over the immobilized 
ATG12-Flag sensor chip at 50 uL/min rate. Association was 
carried out for 1 min, and dissociation was measured at a flow 
rate of 50 μl/min at 25°C. No regeneration was required as the 
sensogram reached baseline after 1 min. The binding and 
dissociation of compound 189 to ATG12 was too fast to 
determine Kd. As 5% DMSO was included in the samples as 
well as the running buffer, solvent correction was used in 
order to eliminate bulk responses from solvent effects.

Cell viability assay

Cells were plated in sealed white 96-well plates (2000 cells/ 
well). The next day, the cells were treated with compounds, 
CQ (Sigma-Aldrich, C6628) or ULK1 inhibitor (Sigma- 
Aldrich, SML1540) as indicated, and luminescence was mea-
sured at the indicated time points using the CellTiter-Glo® 
Luminescent Cell Viability Assay protocol (Promega, G7573).

ELISA

For cytokine secretion assay, 0.8 × 106 RAW 264.7 cells were 
plated in 6 cm plates. The next day, LPS (Sigma-Aldrich, L2630) 
1 µg/ml and compound 189 or Dexamethasone (Sigma-Aldrich, 
D4902) were added as indicated. 24 h later, the medium was 
collected and IL1B levels were measured using DuoSet® ELISA
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kit (R&D systems, DY401, DY008). Alternatively, 1.25 × 104 

THP-1 cells were incubated in media containing 0.5 μM PMA 
(Sigma-Aldrich, P8139) for 3 h. Cells were then collected and 
resuspended in media containing 0.5 µg/ml LPS with compound 
189 or Dexamethasone for 4 h and IL1B levels were measured as 
above.

GFP-LC3B puncta assay

HEK 293A cells stably expressing GFP-LC3B were plated in 96- 
well plates (20,000 cells/well) pre-printed with tested com-
pounds at final concentrations of 20–0.31 µM. After 20 h incu-
bation, cells were treated with 250 nM torin1 (BioVision 
Incorporated, 2273) and 20 µM CQ for 2 h, followed by nuclear 
staining using Hoechst 33,342 (Thermo Fisher Scientific, H3570) 
and fixation with 4% paraformaldehyde (Bar Naor, BN15710). 
Cells were imaged by fluorescent microscopy, and analyzed with 
MetaXpress software (Molecular Devices). “Transfluor” algo-
rithm was applied to identify Hoechst-labeled nuclei and GFP- 
LC3B puncta area/cell.

Autophagy flux assay in pancreatic cancer cells

PANC1 cells were transfected with RFP-GFP-LC3B expres-
sion vector (kind gift from Thomas Wollert, Institut Pasteur, 
Paris, France) and grown in puromycin (Sigma-Aldrich, 
P8833)-containing medium for two weeks, until stably expres-
sing cells were established. The cells were plated in 6-well 
plates on coverslips (3X105 cells/well), and were treated the 
next day with the indicated reagents. Twenty-four h later, cell 
nuclei were stained with DAPI (Sigma-Aldrich, D9542) and 
fixed with 4% paraformaldehyde. After imaging the cells by 
confocal microscopy, images were analyzed by Imaris soft-
ware, measuring the number of autophagosomes (RFP+ 

GFP+) and autolysosomes (RFP+ GFP−) per cell.

Statistical methods

All statistical analyses were performed using Prism 9.3 soft-
ware (GraphPad Software), as specified in the figure legends.
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