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ABSTRACT

Due to the involvement of macroautophagy/autophagy in different pathophysiological conditions such as
infections, neurodegeneration and cancer, identification of novel small molecules that modulate the
process is of current research and clinical interest. In this work, we developed a luciferase-based sensitive
and robust kinetic high-throughput screen (HTS) of small molecules that modulate autophagic
degradation of peroxisomes in the budding yeast Saccharomyces cerevisiae. Being a pathway-specific
rather than a target-driven assay, we identified small molecule modulators that acted at key steps of
autophagic flux. Two of the inhibitors, Bayl1 and ZPCK, obtained from the screen were further
characterized using secondary assays in yeast. Bay11 inhibited autophagy at a step before fusion with the
vacuole whereas ZPCK inhibited the cargo degradation inside the vacuole. Furthermore, we demonstrated
that these molecules altered the process of autophagy in mammalian cells as well. Strikingly, these
molecules also modulated autophagic flux in a novel model plant, Aponogeton madagascariensis. Thus,
using small molecule modulators identified by using a newly developed HTS autophagy assay, our results
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support that macroautophagy is a conserved process across fungal, animal and plant kingdoms.

Introduction

Macroautophagy (generally referred to as autophagy) is an
evolutionarily conserved process from yeast to humans.' The
process involves engulfment of intracellular components
inside double-membrane vesicles called autophagosomes and
subsequent degradation by the lysosomal machinery.”> The
degradation products, such as amino acids and other basic
building blocks, are recycled back to the cytoplasm and are
used up by the cell.>* Other than bulk degradation of cyto-
plasmic contents, autophagy is also involved in selective deg-
radation of aggregated proteins (aggrephagy), excess or
damaged organelles such as mitochondria (mitophagy), perox-
isomes (pexophagy) and intracellular pathogens (xenophagy).”

A constitutive level of basal autophagy maintains the cellular
homeostasis under normal growth conditions.*” Its dysfunc-
tion causes accumulation of damaged organelles and misfolded
protein aggregates that can be cytotoxic, ultimately leading to
pathological conditions such as cancer, neurodegeneration and
other diseases.® In cancer, the role of autophagy is context-
dependent and the situation is commonly referred to as ‘a dou-
ble edged sword.”'° In the case of most neurodegenerative dis-
eases, accumulation of toxic misfolded protein aggregates is
seen in conjunction with impaired autophagy.'"'?

Since dysfunction of autophagy leads to a plethora of dis-
eases, genetic and pharmacological modulation of autophagy is
a promising approach for treatment."> For example, silencing
of core autophagy genes such as ATG5 inhibits tumor growth
of human pancreatic cancer cells in a mouse xenograft
model."? In addition, modulating autophagic activity results in
increased killing of intracellular pathogens including mycobac-
teria,'* Salmonella,"” Shigella'® and group A Streptococcus."”
Pharmacologically, small molecules stimulating autophagy are
effective in clearing protein aggregates in mouse models of
Huntington disease and other neurodegenerative disorders.'®>
Several studies have reported the discovery of novel or repur-
posed drugs for restoring autophagy balance.”' For example,
small-molecule enhancers and inhibitors of autophagy have
been identified using a phenotypic high-throughput screen
(HTS) based on chemical genetics and proteome chips.** In
some of these studies, distinct assays are used for a HTS to
identify small molecules that modulate autophagy.***°

Keeping this rationale in mind, we developed a luciferase-
based pexophagy assay in the yeast S. cerevisiae that allows
measurement of autophagic cargo clearance rather than
MAPILC3B based changes in autophagosome number. Com-
pared with the low turnover rates of cytoplasmic flux, the
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autophagic turnover of an organelle such as the peroxisome can
be easily monitored.”” The advantage of using a peroxisome
marker is that the cargo can build up and the degradation
through autophagy can be followed over time.”*?° Firefly
luciferase-loaded peroxisomes,”* when degraded in bulk, give a
dramatic decrease in luciferase activity and a higher range to
work with. Calculation of statistical parameters such as Z-factor
showed that the assay is highly suitable for small molecule
screening and that the assay would be useful in a HTS setting.
Here we show a kinetic and sensitive luciferase-based HTS
assay in live yeast cells that monitor pexophagy. Employing this
assay, we screened a small molecule library comprising of FDA-
approved compounds. The autophagy inhibitors and enhancers
selected from our screen affected various stages of autophago-
some biogenesis and maturation. In this study, we focused on 2
potent autophagy inhibitors. Owing to the conserved nature of
autophagy, we were interested to investigate whether the com-
pounds affected autophagy across different kingdoms. We show
that the small molecule inhibitors obtained from the HTS in
yeast also modulated autophagy in mammalian cells and the
novel lace plant (Aponogeton madagascariensis) model system.

Results

A novel high-throughput assay for monitoring autophagy
in real time

The principle of the assay involves triggering the biogenesis of
firefly luciferase cloned under an inducible promoter for a
peroxisome-resident protein, Saccharomyces cerevisiae Potl
(peroxisomal thiolase). This protein functions in the conver-
sion of 3-ketoacyl-CoA into acyl-CoA and acetyl-CoA during
B-oxidation of fatty acids.’® Firefly luciferase is tagged at C-
terminal with the 3 amino acid long peroxisomal targeting
sequence (PTS1), SKL.*" This targets firefly luciferase to the
peroxisomes. Compared with the assay involving degradation
of long-lived proteins, pexophagy based assays allow the
buildup of cargo and degradation upon autophagy stimula-
tion.””*® Peroxisome content is then built up inside the cell
by culturing in fatty acid medium. Once the cargo builds up
inside the cell, autophagy is triggered by transferring the cells
to the starvation medium after which the degradation of lucif-
erase marker is monitored over time. In this context, a
decrease in the firefly luciferase activity would reflect selective
degradation of peroxisomes (pexophagy) (Fig. 1A).

In the luciferase assay, the activity for the wild-type cells
goes down with time whereas the autophagy mutant (atgIA)
showed no decrease (Fig. 1B). The assays done at flask level
showed an expected decrease in the levels of firefly luciferase
activity upon autophagy induction (data not shown). Further,
assays were standardized for 96- and 384-well formats using a
fully automated system. Because the luciferase assay could be
scaled down to a plate format and for shorter time durations, it
enabled HTS studies for the identification of small molecule
modulators of autophagy. Treatment with rapamycin, a known
enhancer of autophagy, showed an expected increase in the rate
of decay of firefly luciferase activity as also displayed by nutri-
ent starvation conditions (SD-N) as compared with nutrient-
rich (SD+N) conditions (Fig. 1C). The Z-factor, a measure of
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quality of the HTS assay, was calculated to be 0.8628 £ 0.03481
for firefly luciferase from 5 independent assays performed in
triplicates in a 384-well format. While the wild-type cells
showed a gradual decrease in luciferase counts upon induction
of autophagy (Fig. 1B-E), the core autophagy mutants atglA
(Fig. 1B) and atg5A (Fig. 1D) as well as the selective autophagy
mutant atg36A (lacking a receptor protein for pexophagy)
(Fig. 1E) did not show any drop in the luciferase activity over
time. Our data suggest that selective degradation of firefly lucif-
erase-laden peroxisomes occurs specifically through autophagy
and not via any other intracellular degradation pathways.

Screening of small molecule libraries identified several
putative modulators of autophagy

After validation of the luciferase assay, the Sigma library of
pharmacologically active compounds (LOPAC) comprising of
1280 compounds including FDA-approved drugs were
screened for their ability to affect autophagy. The rates of deg-
radation of the untreated cells were compared with those
treated with a 50 uM concentration of each of the small mole-
cules. The time taken for 50% decrease in cargo activity (firefly
luciferase activity) was compared between the untreated cells
and the ones treated with individual compounds (Fig. 2A). A 3
standard deviation (SD) parameter was used as a criterion to
obtain the hits from the primary screen. There were several
hits, both inhibitors and enhancers identified from the primary
screen (Table 1). The screen also identified several known mod-
ulators of autophagy, which further highlights the sensitivity
and validates the assay in a HTS setup (Fig. 2B). Two of the
potent inhibitors identified from the screen Bayl1-7082
(Bayll) and Z-L-phenyl chloromethyl ketone (ZPCK) were
also compared with respect to the known autophagy modula-
tors and were found to be equally effective (Fig. 2B). Validation
using the luciferase assay further confirmed the potency of
these 2 autophagy inhibitors. The time taken for 50% decay in
firefly luciferase activity was found to be significantly reproduc-
ible for Bayl1 and ZPCK (Fig. 2C and D). These inhibitors also
showed a dose-dependent inhibition in autophagy as deter-
mined using the luciferase assay (Fig. 2E and F).

The small molecule inhibitors act at different stages
of autophagy in yeast Saccharomyces cerevisiae

We performed standard autophagy assays in S. cerevisiae for the
degradation of autophagy markers, such as the Saccharomyces
cerevisiae Potl (peroxisomal thiolase) tagged with GFP (Potl-
GFP) for pexophagy (Fig. 3A and B) and Saccharomyces cerevi-
siae Atg8, N-terminally tagged with GFP (GFP-Atg8) for general
autophagy (Fig. 3E and F). We found that both Bay11 and ZPCK
delayed the degradation of peroxisomes, as evident from
decreased clearance and consequent slow release of free GFP
associated with Pot1-GFP (Fig. 3A-D) and also slower release of
GFP in general autophagy assay using GFP-Atg8 as the marker
(Fig. 3E-G), which suggests a block in both selective and general
autophagy respectively. Fluorescence microscopy studies in S.
cerevisiae showed a decrease in the degradation of peroxisomes
(labeled with Pot1-GFP) in the presence of both the inhibitors as
observed by the accumulation of GFP-positive punctate
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Figure 1. Development of luciferase assay to monitor autophagy in real time. (A) Reporter strain constructed when grown in presence of fatty acid containing media,
results in peroxisome biogenesis and drives the expression of firefly luciferase which is targeted to peroxisomes through PTS1 signaling sequence. Once cargo (peroxi-
some loaded with firefly luciferase) is subjected to starvation, it induces autophagy and results in selective autophagic degradation of peroxisomes (pexophagy). Thus
monitoring firefly luciferase activity over time in absence (black line) or in presence of compounds can yield putative inhibitors (red line) or enhancers (green line) of auto-
phagy. (B) The wild-type cells showed a gradual decrease in firefly luciferase counts upon induction of autophagy whereas core autophagy mutant atg7A showed no
drop. (C) Firefly luciferase assay in the presence of starvation (SD-N), nutrient-rich (SD+N) and rapamycin-treated cells. (D) atg5A and (E) selective autophagy mutant
atg36A (deleted for a receptor protein for pexophagy) did not show any drop in the firefly luciferase activity over time. Z-factor was calculated for 5 assays done in tripli-
cates in 384 well format for firefly luciferase activity. Z-factor for firefly luciferase = 0.8628 + 0.03481.

structures (peroxisomes or pexophagic bodies) inside or outside
of the vacuole (labeled with FM 4-64) (Fig. 3H-L), and lack of
diffused GFP signal inside the vacuole (Fig. 3H and K). On the
contrary, the number of peroxisomes in the untreated cells
decreased in the cytosol with the appearance of diffused GFP
inside the vacuole; an indicator of pexophagy (Fig. 3H, K and
Vid. S1). However, treatment with 25 M Bay11 caused the per-
oxisomes to accumulate outside the vacuoles without any vacuo-
lar diffuse GFP pattern even upon starvation (Fig. 3H, K and
Vid. S2). Interestingly, ZPCK (50 pM)-treated cells exhibited a
build-up of peroxisomes inside the vacuoles (Fig. 3H, L and Vid.
S3). Furthermore, fluorescent microscopy of GFP-labeled auto-
phagosomes (GFP-Atg8) showed accumulation of punctate
structures outside the vacuole without any free GFP inside it, on
treatment with Bayl1 (Fig. 4A-C); a morphology similar to an
autophagy mutant (ypt7A) that blocked the autophagosome-
vacuole fusion step. These results indicate that Bay11 likely per-
turbs at a step before the fusion of autophagosomes with

vacuoles, whereas ZPCK inhibits the degradation of autophagic
cargo inside the vacuoles.

To elucidate the step of action of Bayl1, a protease protec-
tion assay was performed using aminopeptidase as a marker,
which is also a substrate for starvation-induced autophagy.
Untreated cells in presence of proteinase K showed both the
precursor as well as the matured form due to the autophago-
some-sequestered membrane-protected cargo and the cytosolic
free form, respectively (Fig. 4D and E). However, Bayl1-treated
cells primarily showed only the mature form of aminopeptidase
upon proteinase K treatment (Fig. 4D and E). Combined treat-
ment with proteinase K and triton X-100 resulted in conversion
of all the precursor form to the matured form in both treated
and untreated groups. Conversion of the precursor to matured
form of aminopeptidase in the presence of proteinase K in
Bayl1-treated cells indicates that the cargo is not protected by
the autophagosome membrane, and thus autophagosome bio-
genesis or maturation or both may be inhibited by Bayll.
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Figure 2. Screening of small molecule libraries. (A) Using the luciferase based assay for monitoring autophagy, the library of pharmacologically active compounds from
Sigma containing 1280 FDA-approved small molecules was screened for its effect on autophagy. The rates of degradation of the untreated cells were compared with the
ones treated with 50 M concentration of the compounds. The time taken for 50% decrease in cargo activity (firefly luciferase) was taken as the criteria for comparing
the control with the compounds. The compounds that differed from the control by 3 SD units were considered as putative hits. Each black dot represents individual small
molecule from the library and the 2 inhibitors Bay11 and ZPCK have also been depicted from the screening data. (B) The dot-plot depicts the comparison between the
known modulators picked up from the screen and Bay11 and ZPCK with the shaded region showing the 3 SD area. (C) Two putative inhibitors, Bay11-7082 (Bay11) and
Z-L-phenyl chloromethyl ketone (ZPCK) obtained from the primary screening were further confirmed using firefly luciferase assay done in triplicates. (D) Time (in hours)
taken for 50% decay in the firefly luciferase activity was plotted for untreated, Bay11- and ZPCK-treated cells (shaded region indicates 3 SD units). (E) A dose-dependent
effect on the rates of degradation of firefly luciferase luciferase was seen in Bay11- and (F) ZPCK-treated cells.

Colocalization of Atg8 protein with Atg5, a marker for develop-
ing autophagosomes,”>® showed only a single Atg5 punctate
structure in untreated cells as compared with multiple puncta
in Bayll-treated cells (Fig. 4F and G). Also there was signifi-
cantly more colocalization observed between Atg8 and Atg5
dots in Bayl1-treated cells than untreated cells (Fig. 4F and H).
This observation taken together with the protease protection
assay suggested that the treatment with Bay11 led to accumula-
tion of incompletely formed autophagosomes.

Bay11 and ZPCK inhibit autophagy in mammalian cells

Owing to the conserved nature of autophagy, the putative
inhibitors as obtained through the yeast screen were analyzed
in mammalian cells for their autophagy inhibitory effects. We
assessed the effects of Bayl1l and ZPCK in mouse cells for their
ability in impairing autophagic cargo degradation by analyzing

the clearance of the specific autophagy substrate, SQSTM1/p62
under basal conditions (nutrient-rich medium).”” In mouse
embryonic fibroblasts (MEFs), we found that both the com-
pounds caused significant accumulation of endogenous
SQSTM1 aggregates at 24 h and 48 h (Fig. 5A and B). We fur-
ther analyzed with Bayll whether this accumulation of
SQSTMI1 was autophagy-dependent by using Atg5™* (wild-
type) and atg5~’~ (autophagy-deficient) MEFs.*® As expected,
while Bayl1 significantly increased endogenous SQSTM1 levels
in Atg5™* MEFs, it had no significant effect in atg5~"~ MEFs
(Fig. 5C and D). Likewise, Bayl1 reduced MAP1LC3B-II levels
in Atg5™* MEFs but not in atg5~'~ MEFs that are devoid of
autophagosomes or MAPILC3B-II under basal conditions
(Fig. 5E). Densitometric analyses of MAP1LC3B-II:GAPDH
and MAPILC3B-I:MAP1LC3B-I ratios indicate that Bayll
caused a significant reduction of MAP1LC3B-II when analyzed
relative to MAP1LC3B-I or GAPDH (Fig. 5F and G).
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Table 1. List of hits obtained from screening of LOPAC library

Enhancers (Time taken for 50% decay
in luciferase activity in hours)

Inhibitors (Time taken for 50% decay in
luciferase activity in hours)

Rapamycin (0.0549)
Diclofenac (0.1002)
Acetohexamide (0.07248)
Fulvestrant (0.0661)
Astaxanthin (0.1027)
Fusaric acid (0.05812)
GW7647 (0.08532)
LY-307265 (0.06842)
Indatralin HCl (0.06848)
CAPE (0.1223)

SMER-28 (0.07154)
Grayanotoxin Il (0.1272)
Vitexin (0.08347)

Ibuprofen (1.409)

Etoposide (1.164)
N-phenylanthranillic acid (0.7936)
Cefmetazole sodium (0.7718)
Colchicine (1.218)
ET-18-OCH3 (0.8643)
Stauroporine aglycone (0.787)
Gossypol 11 (0.7499)
Cinobufagin (0.8377)
Cryptotanshinone (0.7712)
Methysticin (0.7659)
Wortmannin (1.551)
Bay11-7082 (1.039)

Doxycycline (0.09441) ZPCK (0.7575)
Neomycin (0.07297) Bay11-7085 (0.881)
Aspirin (0.1193) TNP (0.7888)

Lithium chloride (0.09567)

Retinoic acid (0.0944)

Nimodipine (0.08418)

N5-methyl adenosine (0.1047)

Ritodrine HCl (0.06046)

AB-MECA (0.1309)

Esomeprazole Mg dehydrate (0.0679)

SB242084 dihydrochloride hydrate
(0.1085)

Rottlerin (0.05973)

Chloroquine diphosphate (0.7712)
Nocodazole (0.8146)

Notes. Composite list of all the autophagy modulators (hits) obtained from the
screening of the LOPAC library using the luciferase based assay. The screen iden-
tified both putative enhancers and inhibitors of autophagy. Numbers in the
parenthesis with each compound indicate the time taken for 50% decay in the
luciferase activity taken in hours. This was considered as the screening score and
compared to only DMSO-treated control, the corresponding screening score was
0.4012 % 0.08986 h (Mean =+ SD).

To further dissect the step in the autophagy pathway at
which the inhibitors act, we performed an autophagosome mat-
uration assay in HeLa cells (immortalized human cervical can-
cer cells) using tandem-fluorescent-tagged MAP1LC3B reporter,
mRFP-GFP-MAP1LC3B.” This reporter measures the matura-
tion of autophagosomes into autolysosomes, wherein the auto-
phagosomes emit both mRFP and GFP signals (mRFP™ GFP*)
whereas the autolysosomes emit only mRFP signal (mRFP™
GFP™) because GFP is acid-labile and is quenched in the acidic
environment. Treatment with 2.5 uM Bayll decreased the
number of autophagosomes (mRFP* GFP" puncta) and autoly-
sosomes (mRFPTGFP~ puncta) in Hela cells expressing
mRFP-GFP-MAP1LC3B, whereas treatment with 25 uM ZPCK
increased the number of autolysosomes with no significant
change in autophagosomes under basal conditions (Fig. 6A and
B). Treatment of the inhibitors along with bafilomycin A,
(BAF), an inhibitor of autophagosome to lysosomal fusion, gave
an idea about the inhibition of autophagic flux at different
stages. Bayll blocked at a step before BAF action, whereas
ZPCK acted downstream of BAF (Fig. 6A and C). The
MAPILC3B conversion assay was performed under nutrient-
rich (Fig. 6D and E), starvation (Fig. 6D and F) and in the
presence of BAF (Fig. 6D and G). Relative changes in
MAPILC3B-I:MAP1LC3B-I and MAPILC3B-ILTUBB ratios
were measured. Bayll decreased the MAPILC3B-IL
MAPILC3B-I ratio under nutrient-rich and starvation condi-
tions whereas ZPCK increased it in both scenarios (Fig 6D to
F). However, although ZPCK showed an increased

MAPILC3B-ILTUBB ratio, no significant changes were found
with Bayl1 treatment (Fig 6D-F). Nonetheless, analyzing auto-
phagosome synthesis with BAF revealed that Bayl1 reduced the
MAPILC3B-ILTUBB ratio whereas ZPCK had no significant
alterations (Fig 6D and G). Moreover, a time-course experiment
with prolonged treatment of 12 h under basal conditions with
Bayll resulted in a significant reduction in both MAP1LC3B-
I:tMAP1LC3B-I (Fig. 6H and I) and MAPILC3B-I:TUBB
(Fig. 6H and J) ratios, further suggesting that Bayll inhibits
autophagosome synthesis. Shorter exposure immunoblots for all
the MAPILC3B conversion assays done for HeLa cells are
depicted in Figure S1. Our data suggest that Bayll inhibited
autophagosome biogenesis whereas ZPCK did not affect this
event.

To further assess the impact of Bayl1 and ZPCK on autopha-
gic degradation in HeLa cells, we analyzed the fluorescence
intensity of endogenous SQSTMI and its colocalization with
mRFP-MAP1LC3B-positive autophagosomal compartments. We
found that SQSTM1 accumulated either outside or inside the
mRFP-MAP1LC3B-positive compartments upon treatment with
Bayll and ZPCK, respectively (Fig. 6K and L). Moreover, the
effects of the autophagy blocker BAF were similar to that of
ZPCK (Fig. 6K and L). This suggests that Bayll possibly pre-
vents the loading of SQSTM1 onto autophagosomes or it can
inhibit autophagosome biogenesis, leading to lesser availability
for SQSTM1 aggregates to colocalize with MAP1LC3B-positive
structures. ZPCK like BAF prevents the degradation of SQSTM1
once captured by the autophagosomes, and hence SQSTM1
accumulates in MAP1LC3B-positive structures. This result com-
bined with the data using mRFP-GFP-MAPILC3B reporter
(Fig. 6A) suggests that ZPCK inhibits the degradation of auto-
phagic cargo post autophagosome-lysosome fusion. We next
assessed the effects of Bayll and ZPCK on other trafficking
pathways such as endocytosis using the endocytosis-mediated
EGFR degradation assay (Fig. 6M). Upon EGF treatment, we
found no difference in the degradation of EGFR over time
between untreated and treated groups, suggesting that the com-
pounds do not affect general endocytic trafficking (Fig. 6N).
Since the EGFR degradation is not affected, which normally
occurs in the lysosomal compartments, it is likely that lysosomal
proteolytic activity is not perturbed. However, the fact that
ZPCK caused accumulation of SQSTMI suggests that it possibly
affects some lysosomal protease specific for autophagic cargo.

Effect of known and novel autophagy modulators on lace
plant, Aponogeton madagascariensis: A novel model
system to study autophagy in plants

The aquatic lace plant, Aponogeton madagascariensis, has
leaves that are nearly transparent and ideal for live-cell imag-
ing (Fig. S2A). Leaves taken from axenic cultures were sec-
tioned and then assigned to treatment groups. Treatments
included a control with no autophagy modulators (Fig. 7A),
overnight starvation (Fig. 7A), 5 uM rapamycin (autophagy
enhancer), 5 M wortmannin (autophagy inhibitor), 1 uM
concanamycin A (autophagy inhibitor) (Fig. 7B), 50 uM
Bayll and 50 uM ZPCK (Fig. 7C) and overnight starvation
combined with either 5 uM wortmannin, 50 uM Bayll, or
50 uM ZPCK treatments (Fig. 7E). All leaf sections were
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wild-type cells treated with ZPCK.



1562 (&) P.MISHRAETAL.

FM 4-64 GFP-Atg8

%y

Merge Merge (DIC)

y{ae Wil(((:l) tl}lr)pe >

h

e+ Wildt
(4

—
=

=)
a2
e
o>
=m
=m
: .
—

(0

s

D

Proteinase K - + + -
Triton X-100 - - + - - +

B

o=

L

o -(.96 100-

S e

S5 @

E

o R

£ 501

2 g

n 9

g % *kk Kok &

58

X £ Wild type  ypt7A  Wild type

+Bay11

100~ ekl =

o
T

% of cells with more than
one puncta (4 h starvation)
(4]
<

Wild type  ypt7A Wild type

+ Bay11

m

W preApel [ mApe1

Precursor
Ape1 _—— S—

Mature Ape1 —.

Proteinase K - + + - + +
Triton X-100 - - & - - +

Untreated Bay11

G H

=
o
o
*
*
*

per 100 cells counted
3

0
Wild type  Wild type
+ Bay11

0
Wild type Wild type
+ Bay11

% of cells with more than
one Atg5 puncta (4 h starvation)
(&)

o
No. of Atg5-Atg8 colocalizations

Figure 4. Bay11 treatment affects the maturation of autophagosomes. (A) GFP-Atg8 fluorescence microscopy showed an accumulation of GFP-Atg8-positive puncta on
treatment with Bay11 under starvation conditions. Graphs showing diffused GFP inside the vacuole (B) and number of puncta in the cytosol at 4 h of starvation (C) in
wild-type, ypt7A and wild-type cells treated with Bay11. (D) To elucidate the step of action of Bay11, a protease protection assay was performed using aminopeptidase as
a marker, which is also a substrate for autophagy on starvation. Conversion of precursor to matured form of aminopeptidase on treatment with proteinase K in Bay11-
treated cells indicated that the cargo is not protected by the autophagosome. (E) Quantification showing relative precursor and mature form of aminopeptidase levels for
different treatment groups. Y-axis shows the total aminopeptidase levels. (F) Colocalization of genomically tagged GFP-Atg8 and Atg5-RedStar™ proteins in untreated and
Bay11-treated conditions. (G) Quantification showing percentage number of cells with more than one Atg5 puncta. (H) Quantification showing number of colocalization
events per 100 cells in untreated and Bay11-treated cells. Scale bar: 5 m. Data shown represent a minimum of 100 cells from 3 independent experiments and are
expressed as the mean = SD. ***P < 0.001 (individual means compared using 2-tailed unpaired Student t test).

stained simultaneously with treatment of the modulators using
monodansylcadaverine (MDC). The leaf sections were
observed using confocal laser scanning microscopy and the
mean number of punctate structures per cell were counted for
each treatment group and compared with the control, which

had a mean of 0.99 % 0.12 per cell (Fig. 7D). There were sig-
nificantly fewer puncta in the wortmannin (0.26 £ 0.03)
(Fig. 7B and D) and Bayll (0.28 £ 0.07) (Fig. 7C and D)
treatment groups. An overnight starvation for detached leaves
resulted in a significant increase in punctate structures (1.90
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Figure 5. Bay11 and ZPCK inhibit autophagy in MEFs. ((A)and B) MEFs were treated with DMSO (vehicle control), 5 .«M Bay11 or 5 «M ZPCK for 24 h or 48 h under basal
conditions, fixed for immunofluorescence analysis with anti-SQSTM1 antibody and imaged by confocal microscopy (A). Analysis was done for the percentage of cells with
accumulated endogenous SQSTM1* aggregates (B). Scale bar: 20 um. (C and D) Atg5+* (wild-type) and atg5~~ (autophagy deficient) MEFs were treated with DMSO
(vehicle control) or 5 uM Bay11 for 24 h, followed by immunoblotting analysis with anti-SQSTM1 and anti-GAPDH antibodies. Densitometric analysis of SQSTM1 levels
was done relative to GAPDH where the control (DMSO-treated) condition was fixed at 100%. (E) Ath“+ and ath‘/‘ MEFs were treated with DMSO (vehicle control) or
5 ;M Bay11 for 24 h under basal conditions, followed by immunoblotting analysis with anti-MAP1LC3B and anti-GAPDH antibodies. (F) MAP1LC3B-II:MAP1LC3B-I and (G)
MAP1LC3B-Il:GAPDH levels quantified for 3 independent experiments in DMSO- and Bay11-treated cells.

+ 0.21) (Fig. 7A, D and E). A significant accumulation of
puncta compared with the control was also observed with the
concanamycin A (1.91 £ 0.13) treatment (Fig. 7B and D), but
the highest increases in puncta were observed in the rapamy-
cin (2.31 + 0.25) (Fig. 7B and D) and ZPCK (3.56 £ 0.23)
treatment groups (Fig. 7C and D). In ZPCK-treated cells the
punctate structures appeared to accumulate inside the
vacuoles (Vid. S4). Additionally, overnight starvation leaves
treated with either Bayl1 or wortmannin showed fewer puncta
compared with the overnight starvation group, as well as the

overnight starvation combined with ZPCK, which had a simi-
lar appearance to the starvation group (Fig. 7E).

To confirm that the puncta observed with MDC staining
were autophagosomes, immunolocalization experiments
were performed using an antibody against Atg8 from Chla-
mydomonas reinhardtii which bears 80% resemblance to
Arabidopsis Atg8a. The modulators used in MDC experi-
ments were applied to lace plant leaves as mentioned above,
the pattern of the punctate structures increased or decreased
as expected and was similar to the results obtained from the
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Figure 6. Bay11 and ZPCK inhibit autophagy in Hela cells at different stages. (A) Hela cells transfected with ptf-MAP1LC3B (vector having tandem mRFP-GFP-tagged
MAP1LC3B) treated with either Bay11 or ZPCK for 2 h under basal conditions in the presence or absence of BAF (400 nM) were observed under fluorescence microscope.
Autophagosomes appear as yellow dots whereas autolysosomes appear red inside the cells. On treatment with ZPCK, autolysosomes increased inside the cells whereas
on Bay11 treatment, very few autophagosomes were seen. Scale bar: 15 um. (B and C) Data shown represent a minimum of 65 cells from 3 independent experiments
with the number of autophagosomes and autolysosomes counted and are expressed as the mean & SD. ***P < 0.001 (One-way ANOVA, individual means compared
with a Dunnett Multiple Comparison Test) (D) MAP1LC3B conversion assay for the mentioned treatment groups under nutrient rich, starvation conditions and along with
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amount of colocalization between SQSTM1 and RFP-MAP1LC3B in different treatment groups. The mean intensity of colocalized dots was calculated using the colocaliza-
tion plug-in of ImageJ analysis software. (M) EGFR trafficking shown by immunoblot for the mentioned treatment groups and degradation levels quantified (N). Data
shown represent a minimum of 65 cells from 3 independent experiments and are expressed as the mean =+ SD. ***, P < 0.001; **, P < 0.01; *, P < 0.05; ns, nonsignificant
(individual means compared by 2-tailed unpaired Student t test).
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Figure 7. Effect of autophagy modulators in lace plant (Aponogeton madagascariensis) cells. Lace plant leaves treated with different modulators were sectioned and
stained using monodansylcadaverine (MDC) and scanned via confocal microscopy with 405:450 £ 35nm (ex:em). (A) There were significantly more punctate structures
(autophagosome-like structures) in overnight starvation treatment compared with the control. Scale bar: 20 um (B) The 1 M concanamycin A and 5 M rapamycin had
a significantly higher number of puncta compared with control, which had more than the 5 ;«M wortmannin treatment. (C) 50 «M Bay11 significantly reduced, whereas
50 M ZPCK increased puncta compared with the control. (D) Quantification of the mean number of punctate structures for each treatment (E) Treatment with 50 M
Bay11 or 5 M wortmannin of overnight starvation leaves showed fewer puncta as compared with the control. Punctate structures were significantly higher than the con-
trol in the starvation, and 50 M ZPCK treatments. Data shown represent a minimum of 4 independent experiments and are expressed as the mean + SEM. (One-way
ANOVA and Dunnett multiple comparison test (***, P < 0.001; **, P < 0.01; *, P < 0.05). Scale bar: 30 xem.

MDC staining procedure (Fig. 8A-C). The control group was a significant increase in puncta following starvation
(Fig. 8A) had 0.90 £ 0.08 puncta (Fig. 8C) and there was a (2.16 *+ 0.15; Fig. 8A), rapamycin (3.52 %+ 0.09; Fig. 8A),
significant inhibition following wortmannin (0.27 £ 0.025; concanamycin A (2.43 + 0.29; Fig. 8A) and ZPCK (2.09 +
Fig. 8A) and Bayll (0.22 £ 0.03; Fig. 8B) treatment. There 0.13; Fig. 8B) treatments.
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Figure 8. Immunolocalization of Atg8 in lace plant (Aponogeton madagascariensis) cells. Lace plant leaf pieces treated with modulators revealed similar results to the
MDC staining. (A) The starvation, 5 «M rapamycin and 1 ©M concanamycin A treatment groups contained more puncta than the control, while the 5 M wortmannin
treatment reduced puncta. (B) 50 M Bay 11 reduced the number of puncta and 50 M ZPCK increased puncta compared with the control group. (C) Quantification was
done for a minimum of 4 independent replicates per experimental group and statistical significance was calculated (One-way ANOVA and Dunnett multiple comparison

post hoc test (***, P < 0.001; **, P < 0.01; *, P < 0.05). Scale bar: 30 xem.

Discussion

Several studies involving genetic or pharmacological intervention
to restore autophagic function in pathophysiological situations
such as inflammation, immunity, infection,"* neurodegenera-
tion,'> ** and cancer*'** have demonstrated positive outcomes.
This has fueled research in identifying novel or repurposed small
“drug-like” autophagy modulating molecules that could be of
potential therapeutic value.'® *> ** In addition, studies unravel-
ling the mode of action of these molecules provide signaling and
mechanistic insights into the regulation of autophagic flux. Key
to identifying such important molecules is to have an effective
high-throughput assay such as the one described here.

In this study we introduce a luciferase-based assay to moni-
tor autophagy in real time that fulfills several important
parameters of an ideal assay, such as high rate of cargo turn-
over, high sensitivity, robustness and ease of handling. Further-
more, as this assay is not geared toward targeting a specific
autophagy-related protein or step in the process, it has the
potential to discover small molecules that directly or indirectly
modulate different stages of autophagosome biogenesis and
turnover. Unlike autophagic flux of cytoplasmic proteins, deg-
radation of an organelle like the peroxisomes is a better alter-
native to the preexisting assays. Peroxisomes along with

intraorganelle components can be accumulated before their
bulk degradation, which occurs in a relatively short period of
time involving the core autophagic machinery. This bulk turn-
over can be monitored by introducing peroxisomally targeted
luciferase. These features, when combined with the high sensi-
tivity and vast range of luciferase assays, provide the added
benefit of scaling down the assay to a high-throughput level.
Z-factor calculated for firefly luciferase activities suggested a
very suitable assay which when scaled up to millions of com-
pounds would give fewer false positives and better reliability.
Studies in the past have identified new drug candidates that
affect autophagy using yeast or mammalian cells as models.
Some of the studies have resulted in drugs of potential clinical
utility. Some of these compounds target a particular protein such
as ULK1,*® ATG4>* or the upstream signaling components such
as the class ITI phosphatidylinositol 3-kinase*” and MTOR,** and
target a very specific step in the autophagic flux, whereas other
compounds affect autophagy broadly independent of MTOR.">
** In addition, screens performed in the recent past have also
identified some compounds with broad spectrum effects as
well.”* While target-driven screens identify molecules that act
only at a particular step in autophagy where the target protein is
involved, our screen focuses on the entire pathway that can yield
hits across all steps of autophagy ranging from upstream



signaling to autophagosome biogenesis-and-maturation to cargo
degradation. As a result, using the luciferase assay, we could
identify several putative enhancers and inhibitors of autophagic
flux even significantly beyond the physiological range of starva-
tion induction. Identification of several known autophagy modu-
lators as hits from the screen further highlighted the strength of
the assay. The putative hits from the primary screening of the
LOPAC library that includes FDA-approved drugs were further
validated. Two of the putative inhibitors identified from the
screen, Bayll and ZPCK, were found to potently affect auto-
phagy using conventional secondary assays. Further investiga-
tion to delineate the step of autophagy where the compounds
affect showed that they act at distinct stages: Bay11 affected bio-
genesis or maturation of autophagosomes, whereas ZPCK inhib-
ited the degradation of autophagic bodies and cargo inside the
vacuole and lysosomes. Since the assay did not monitor a partic-
ular component or target but instead the entire process of auto-
phagy, the effectiveness of the hits in higher eukaryotes was an
interesting prospect. Because of the conserved nature of auto-
phagy machinery and the small molecule library comprising of
pharmacologically active compounds, it is interesting to see that
the autophagy inhibitory effects of the putative hits obtained
from our yeast screen are conserved in mammalian and plant
cells. We confirmed this not only in well-established mammalian
models but also in a novel system such as the lace plant.

For studying autophagy in plants, here we introduced a new
model organism, Aponogeton madagascariensis, commonly
referred to as lace plant, which is a freshwater monocot species
found in Madagascar, Comoros, and naturalized in Mauritius.*
The lace plant is an excellent model system for studying develop-
mentally regulated programmed cell death (PCD) in Plantae
(Fig. S2A).”° The lace plant utilizes PCD to form holes in precise
locations during a specific stage in development (Fig. S2B) and
ultimately results in perforations by maturity (Fig. S2C). The tim-
ing and order of cellular events that occurs during PCD in lace
plant leaves is described by Wertman et al.”* Several types of auto-
phagy have been described in plant cells: microautophagy, macro-
autophagy and a plant-specific form named mega-autophagy. The
role of macroautophagy in the lace plant PCD pathway is not yet
understood although mega-autophagy is evident in the later phase
of lace plant cell death.”” >* Indirect evidence such as increase in
vacuolar aggregates (Fig. S2D), vesicle formation (Fig. S2E) and
the presence of double-membrane vesicles (Fig. S2F) suggests the
involvement of macroautophagy in lace plant cell death.>" >
However, whether macroautophagy contributes to the demise of
the cell or survival is not yet known.*” Lace plant is a relatively
unexplored system for autophagy; however our data indicate that
it is a tractable model system to investigate this phenomenon.
When lace plant leaves were treated with several known and novel
autophagy modulators, there was a concomitant change in the
number of vesicles (MDC staining and Atg8 immunolocalization),
further suggesting these vesicles to be autophagosomes. Our
results for the overnight starvation, concanamycin A and ZPCK-
treated leaves showed a similar staining pattern to concanamycin
A-treated Picea abies embryo suspensor cells in which mRFP-
Atg8 puncta accumulate in the vacuole.” Conversely, we showed
that wortmannin and Bay11 had fewer puncta, which was similar
to wortmannin treated tobacco culture cells stained with quina-
crine.”* The data represented here show that modulators of
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autophagy affect vesicular and autophagic flux in lace plants; how-
ever their influence on lace plant developmental PCD remains
unknown and presents a promising avenue for future research.

From our data (both yeast and mammalian cells), it is evident
that Bayll blocks autophagy at early stages since it reduced
MAPILC3B-positive vesicles at basal state and decreased
MAPILC3B-II levels in BAF-treated cells that consequently led
to accumulation of SQSTMI. This suggests that Bayl1 inhibits
the biogenesis of autophagosomes. However, by analyzing the
MAPILC3B-IL.TUBB ratio at the steady-state levels, no decrease
by Bayll was found in HeLa cells unless autophagic flux was
clamped with BAF. In addition, we calculated the MAP1LC3B-II:
MAPILC3B-I ratio to account for the accumulation of
MAPILC3B-I levels for an inhibitor like Bayll. We observed a
buildup of MAP1LC3B-I levels without any evident change in
MAPI1LC3B-II, which might suggest a defect in MAP1LC3B lipi-
dation. A time-course experiment with a longer Bay11 treatment
resulted in a significant reduction in both MAPI1LC3B-II
MAPI1LC3B-I and MAPILC3B-II:TUBB ratios, further indicat-
ing the effect of Bay11 on autophagosome synthesis. The data are
further corroborated with a decrease in colocalization of
MAPI1LC3B puncta with SQSTM1, which could be due to ineffec-
tive loading of SQSTM1 on autophagosomes and/or decrease in
autophagosome availability. Taken together, these results suggest
that Bay11 acts at an early stage of autophagosome biogenesis.

Although the autophagosome maturation assay with the
mRFP-GFP-MAPI1LC3B reporter indicates that ZPCK may act
as an autophagy inducer, it also prevents autophagic cargo
clearance. ZPCK is a serine protease inhibitor and there are
many such proteases that act inside the vacuole to degrade vari-
ous cargoes. Thus, ZPCK might be acting on some specific pro-
teases responsible for degradation of autophagic cargo in the
autolysosomes. These observations are also substantiated by
yeast studies where autophagic bodies accumulate inside the
vacuole upon ZPCK treatment.

Our data highlights the conserved nature of autophagy that
can be used to discover promising novel autophagy regulating
small molecules in higher eukaryotes using a yeast-based HTS
platform. Further characterization of these small molecules will
help in better understanding of the mechanistic insights into
the regulation of autophagic flux, and can also help unravel
new molecular players in autophagy.

Materials and methods
Yeast strains and plasmids

The wild-type Pot1-GFP strain is a laboratory strain with genomi-
cally tagged GFP at the C terminus of Pot1 (HIS selection marker)
obtained from Dr. Rachubinski (University of Alberta, Canada)
Wild-type BY4741 and all knockout strains were obtained from
EUROpean Saccharomyces cerevisiae ARchive for Functional
Analysis (EUROSCAREF). S. cerevisiae shuttle vector pRS306
(URA) was obtained from Prof. Suresh Subramani (UCSD, USA).

Transformation of S. cerevisiae

S. cerevisiae transformation was done using the lithium acetate
method. Cells (~10° cells) in early logarithmic phase of growth



1568 P. MISHRA ET AL.

were harvested, resuspended in transformation mix (final con-
centrations: 33.3% PEG 3350 [Sigma-Aldrich, 202444], 0.1 M
lithium acetate, 270 ug/ml salmon sperm DNA [Sigma-
Aldrich, D1626], 1-1.5 g DNA) and subjected to heat shock
at 42°C for 40 min. Post heat shock cells were harvested and
plated onto the selection media plates SD-URA (0.17% yeast
nitrogen base [YNB], 0.5% ammonium sulfate, 2% glucose, and
amino acids as required without uracil with 2% agar powder)
for pRS306Ppor;-FLUC.

Luciferase assay

The S. cerevisize shuttle vector pRS306 (URA) was used to
clone the Saccharomyces cerevisiae POTI promoter and the
firefly luciferase gene. The oleate responsive region of the POT1
promoter was amplified from yeast genomic DNA and along
with the firefly luciferase gene was cloned into these vectors to
obtain the construct pPM3. This plasmid construct was linear-
ized using suitable restriction enzymes in the selection marker
and transformed into wild-type and mutant strains of S. cerevi-
siae by standard transformation methods as described above.
The colonies were then tested for firefly luciferase activity.

Cells were grown in YPD medium (1% yeast extract, 2%
peptone, and 2% glucose) and transferred to oleate medium
(0.1% oleic acid [Sigma-Aldrich, 75096], 0.5% Tween-40
[Sigma-Aldrich, P1504], 0.25% vyeast extract [Himedia,
RMO027], 0.5% peptone [Himedia, RM667], 2.64 mM K,HPO,,
17.36 mM KH,PO,, pH 6.0) and incubated overnight at 30°C
on a shaker at 250 rpm. Cells were then moved to starvation
medium to induce pexophagy [SD-N; 0.17% YNB without
ammonium sulfate (Himedia, M151) and 2% dextrose (Hime-
dia, GRM077)]. Samples (Agpo 3 equivalent) were processed at
the mentioned time points using passive lysis buffer (Promega
Dual Luciferase Reporter assay system, E1910). Firefly lucifer-
ase activity was measured (Spectra max, Molecular devices and
Varioskan Flash, Thermo Scientific) after adding the respective
substrate in the samples.

Small molecule screening

Small molecule screening was done in the yeast S. cerevisiae,
where degradation of firefly luciferase was followed over time
upon induction of autophagy (Varioskan Flash, Thermo Scien-
tific, USA). Time taken for 50% decrease in cargo activity was
plotted for untreated cells and the compounds at 50 uM
concentration for the LOPAC compounds. Triplicate values for
the control were plotted and a difference of 3 standard devia-
tion (SD) units between the test and control was considered as
significant.

Pexophagy assay

Pot1-GFP-positive strains were allowed to grow until the Ao
reached 0.8-1 in YPD medium. Peroxisome biogenesis was
induced by growing these cells in oleate medium for 12 h. Cells
were harvested, washed twice to remove traces of oleate and
transferred to starvation medium without nitrogen, at inocu-
lum density Aggo = 3, to induce pexophagy. Cells were collected
at various time intervals after pexophagy induction and either

used for microscopy or processed by TCA method as described
below for immunoblotting.

GFP-Atg8 processing assay

The S. cerevisiae strain containing the GFP-Atg8 (pRS316 vec-
tor backbone) plasmid was grown in synthetic defined medium
lacking uracil (SD-URA) under appropriate conditions (30°C,
250 rpm). From this, a secondary culture was inoculated at
Agoo = 0.2 and grown as above until Agy reached ~0.65. The
cultures were transferred to SD-N (nitrogen starvation)
medium at Agy = 3, separately with and without the com-
pounds, and samples were collected at different time intervals.
Collected cells were either used for fluorescence microscopy or
sample preparation was done by the TCA precipitation method
and immunoblotting was performed as described later.

Atg8 and Atg5 colocalization

For tagging Atg5 with Redstar” fluorescent tag, Redstar” was
amplified from pYM42 (EUROSCARF, P30254) plasmid using
forward and reverse primers 5 ACATAACTCTTGTTCCTAT
AAAAGGCGGCGATAAAGCTTCCTCTGAGCTCCGTAC
GCTGCAGGTCGAC 3’ and 5 TATTTTCTGCGATATTTG
AATGACACTTTTAAATGCGTATATAACAGCTCTTAATC
GATGAATTCGAGCTCG 3’ respectively. The PCR product
was transformed into S. cerevisiae strain containing the GFP-
Atg8 (pRS316 vector backbone) plasmid. The dual positive cells
(GFP-Atg8 and Atg5 Redstar”) were screened under the
microscope.

Yeast cultures were collected at respective time points post
treatment, washed and mounted on top of 2% agarose pad and
imaged using Delta vision microscope [(API, GE, USA,
29065728), (Olympus 60X/1.42, Plan ApoN, excitation and
emission filter FITC and TRITC, polychroic Quad)].

TCA precipitation

All samples were collected in 12.5% TCA final concentration
and stored at —80°C for at least half an hour. Later, the samples
were thawed on ice and centrifuged for 10 min at 16,000 g and
the pellet was washed with 250 wl of ice cold 80% acetone twice
and air-dried. This pellet was resuspended in 40 ul of 1% SDS-
0.1 N NaOH solution. Sample buffer (5X, 10 ul) was added to
the lysate and boiled for 10 min before loading.

Immunoblotting

For HeLa cells, following appropriate treatments, cells were
washed with ice cold phosphate-buffered saline (PBS; Sigma,
D5773). Cells were then lysed in 100 ul of sample buffer (10%
[w:v] SDS, 10 mM DTT, 20% [v:v] glycerol, 0.2 M Tris-HCI,
pH 6.8, 0.05% [w:v] bromophenol blue) and then collected
using a rubber cell scraper and boiled at 99°C for 15 min.

The HeLa cell lysates and the yeast TCA precipitates were
electrophoresed on different percentages of SDS-PAGE based
on the desired protein size and transferred onto PVDF mem-
brane at constant current of 2 Ampere for 30 min (Transblot
turbo, Bio-Rad Inc., USA). Transfer was confirmed by Ponceau



S staining of blots. Blots were incubated overnight with 5%
skim milk in primary antibody (anti-GFP: Roche,
11814460001; anti-MAPILC3B: Cell Signaling Technology,
L7543). Secondary antibody used at 1:10,000 was goat anti-
mouse (Bio-Rad, 172-1011) or goat anti-rabbit antibody conju-
gated to HRP (Bio-Rad, 172-1019). Blots were developed by
using ECL substrate (Thermo Scientific, 34087 or Bio-Rad,
170-5061) and images captured using an auto capture program
in Syngene G-Box, UK. Image] (NIH) was used for quantifica-
tion of band intensities.

Immunoblotting in MEFs was performed as described previ-
ously.” Dilutions of primary antibodies used were as follows:
Anti-SQSTM1/p62 1:1000 (Progen Biotechnik, GP62-C),
anti-MAP1LC3B 1:3000 (Novus Biologicals, NB100-2220) and
anti-GAPDH (Cell Signaling Technologies, 2118S). Secondary
antibodies conjugated to HRP were used at 1:10000 dilution as
follows: Anti-guinea pig-HRP (Abcam, ab50210) and anti-
rabbit-HRP (Calbiochem, 401393).

Culturing of cells

HeLa cells were maintained in growth medium comprised of
Dulbecco’s modified Eagle’s medium (DMEM; Sigma-Aldrich,
D5648) supplemented with 3.7 g/L sodium bicarbonate plus
10% fetal bovine serum (FBS; PAN, 3302-P121508) and 100
units/ml of penicillin and streptomycin (Sigma-Aldrich,
P4333) at 5% CO, and 37°C. Atg5"" and atg5~~ MEFs®®
were cultured in DMEM (ThermoFisher Scientific, 41965-
039) supplemented with 10% FBS (ThermoFisher Scientific,
10270-106), 100 units/ml of penicillin and streptomycin
(ThermoFisher Scientific, 15070-063) and 2 mM L-glutamine
(ThermoFisher Scientific, 25030-024) at 37°C in a humidified
incubator under 5% CO,.

Immunofluorescence

An appropriate number of cells was plated on top of coverslips
placed in 65-mm cell culture dishes for transfection. Trans-
fected cells were divided into different treatment groups. Post
treatment, cells were washed with phosphate-buffered saline
and fixed in 4% paraformaldehyde and permeabilized using
0.25% Triton X-100 (Himedia, MB031). Overnight incubation
with anti-SQSTM1/p62 (rabbit polyclonal; MBL, PM045), and
anti-EEA1 (rabbit polyclonal; Cell Signaling Technology, 3288)
was done at 4°C. Excess antibody was washed with PBS and
coverslips were incubated with Atto-633 (goat anti-rabbit IgG;
Sigma, 41176). The coverslips were mounted with VECTA-
SHIELD antifade reagent (Vector laboratories, H-1000/H-
1200). Imaging for HeLa cells was performed using a Delta
vision microscope [(API, GE, USA, 29065728), (Olympus 60X/
1.42, Plan ApoN, excitation and emission filter Cy5, FITC and
TRITC, polychroic Quad)].

Immunofluorescence analysis in MEFs was performed by
fixing the cells with 4% methanol-free paraformaldehyde for
15 min, permeabilized with 0.5% TritonX-100 in PBS for
10 min, and then blocking with 5% FBS in PBS for 30 min
at room temperature, along with PBS washes in between
every steps. An anti-SQSTM1 antibody (Progen Biotechnik,
GP62-C) was used at 1:250 dilution in 5% FBS in PBS and
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incubated overnight at 4°C. Cells were then washed and
incubated with goat anti-guinea pig Alexa Fluor 594 (Ther-
moFisher Scientific, A-11076) secondary antibody at 1:1000
dilution for 1 h at room temperature. Cells were washed,
counterstained with DAPI (ThermoFisher Scientific, D1306)
in PBS for 5 min, washed again and then mounted using
Prolong diamond anti-fade reagent (ThermoFisher Scien-
tific, P36970). Slides were imaged using a Zeiss LSM 510
Meta Confocal Microscope (Carl Zeiss, Germany) using a
100X objective. Analysis was performed by assessing for the
percentage of cells displaying an accumulation of endoge-
nous SQSTM1-positive aggregates.

Analysis of autophagosome maturation using mRFP-GFP-
MAP1LC3B reporter

Transfection was done on a 60-mm dish with HeLa cells at 60
to 70% confluency. Cells were transfected with tandem RFP-
GFP-MAPILC3B construct (Addgene, 21074, deposited by
Tamotsu Yoshimori) using 5 ul of Lipofectamine 2000 (Invi-
trogen, 11668-019) and 2.5 ug of DNA (2:1 ratio) diluted in
100 wl of OPTI-MEM (Invitrogen, 31985-070) separately. Sev-
enty-two h after transfection, cells were either left untreated or
treatment with various concentrations of Bay11-7082 (Sigma-
Aldrich, B5556) or ZPCK (Sigma-Aldrich, 860794) was done
for 2 h. Starvation was induced by treating cells with Earle bal-
anced salt solution. After treatment, cells were fixed in 4% para-
formaldehyde and permeabilized using 0.25% Triton X-100.
The coverslip was mounted with VECTASHIELD antifade
reagent. Imaging for HeLa cells was performed using a Delta
vision microscope (Olympus 60X/1.42, Plan ApoN, excitation
and emission filter, FITC and TRITC, polychroic Quad).

EGFR trafficking

HeLa cells were plated on 6-well plates and allowed to attach on
the surface. The cells were washed with PBS and then starved in
DMEM (serum-free medium) for 3 h. Pretreatment with com-
pounds was performed for 1 h, following which they were
pulsed with 100 ng/ml of EGF (Life Technologies, PHG0311L)
and samples were collected at 0, 1, 2 and 3 h.

Quantification of cells with increased SQSTM1+
aggregates

Analysis of SQSTM1 aggregates was done as described previ-
ously.”® Briefly, immunofluorescence analysis with anti-
SQSTM1 antibody was performed for assessing endogenous
SQSTM1™ aggregates using confocal microscopy. The percent-
age of cells with increased SQSTM1™ aggregates was quantified
by assessing 200 cells per condition from independent experi-
ments, in which a cell with an accumulation of SQSTM1™
aggregates was given a score of 1 whereas a cell having basal
(low) levels of SQSTM1™" aggregates was given a score of 0.

Mean intensity calculation

Image]J software (NIH) was used to calculate the mean intensity.
Images were opened using the split channel plugin. The
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colocalization plugin in the analysis tools was used to obtain the
colocalized area between 2 channels as a separate window. The
intensity was calculated using the measure plugin in analysis tools.

Lace plant cultures and experiments

Axenic lace plant cultures were grown in magenta boxes
(Fig. S2A) and prepared according to Gunawardena et al.>®
Leaves in the window stage were removed from the corm and
rinsed thoroughly with distilled water before being sectioned
into 2-mm” pieces. For starvation treatments, window stage
leaves were removed from the plant, placed in distilled water
and kept in the dark overnight. Leaf sections were stained with
monodansylcadaverine (300 ©M; Sigma, D4008) and simulta-
neously treated with autophagy modulators for 2 h in the dark
(1 h vacuum infiltration at 15 psi). Treatment times, along with
stain and modulator applications were optimized using concen-
tration gradients followed by microscopy. The optimized con-
centrations were 5 puM rapamycin (Enzo Life Sciences
[BML-A275-0005], 5 uM wortmannin [Santa Cruz Biotech-
nology, sc-3505], 1 uM concanamycin A [Santa Cruz Biotech-
nology, sc-202111], 50 M Bayll and 50 uM ZPCK. Tissue
sections were then rinsed and mounted in distilled water before
being scanned using a Nikon Eclipse Ti confocal microscope
[(Nikon Canada, Mississauga, ON) (Nikon 40X/1.30, Plan
Fluor, 405 nm excitation and 450/30 nm emission)]. Areoles in
the early phases of PCD were scanned to avoid cellular debris.
The mean number of puncta were quantified for each treatment
group with a minimum of 4 independent experiments using
NIS Elements Advanced Research software. Additionally, star-
vation treatment leaves were also exposed to 5 uM wortman-
nin, 50 M Bayll and 50 M ZPCK treatments and then
qualitatively accessed via confocal microscopy.

Immunostaining in lace plant

Atg8 immunolocalization in lace plant window stage leaves
was achieved using a modified protocol from Pasternak
et al.”” Whole leaves were treated for 2 h before fixation in
100% methanol at 37°C and then hydrophilized to 20%
methanol by adding distilled water at 60°C every 2 min for
32 min. Samples were then sectioned and placed on a multi-
wall slide and allowed to air dry for 10 min to facilitate
membrane permeabilization. Blocking was done for 30 min
at 37°C with 4% lowfat milk powder in 1X microtubule sta-
bilization buffer MTSB (modified 2X MTSB stock solution:
15 g PIPES (Bioshop Canada, PIP666), 1.9 g EDTA, 122 g
MgSO,*7H,0, 2.5 g KOH, pH 7.0). Regarding Atg8, the pri-
mary antibody incubation for anti-Chlamydomonas rein-
hardtii Atg8 (Agrisera, AS14 2769), produced in rabbit, was
done at a 1:1000 dilution in 1X MTSB for 30 min at 37°C.
Samples were then washed for 5 min, 3 times with 1X
MTSB. Secondary antibody incubation with goat anti-rabbit
Dylight 488 (Agrisera, AS09 633) at a 1:2000 dilution in 1X
MTSB was done for 30 min at 37°C and then samples were
rinsed as above. Tissues were mounted in Mowiol 4-88 solu-
tion (Sigma, 81381) and scanned via confocal microscopy as
mentioned above. The mean number of puncta per cell was
determined using maximum intensity projections (MIPs) for

each replicate. The total number of cells within a field of
view were counted manually and the number of puncta were
counted automatically using Image].

Statistical analysis and image preparation

Statistical analysis was performed using GraphPad Prism
(GraphPad Sofware). Statistical analyses were performed by
comparing the means using the unpaired Student ¢ test and
one-way ANOVA followed by the Dunnett multiple compari-
sion post-hoc test. Yeast and mammalian images were prepared
using Softworx software (GE healthare). Lace plant MIP images
were prepared using NIS elements software (Nikon, Canada).
Images were plated using Adobe Photoshop CC. Fluorescent
MIP images had their brightness and contrast modified equally
using Adobe Photoshop CC.

Abbreviations

Agoo absorbance at 600 nmApel aminopeptidase

FDA food and drug administration

GFP green fluorescent protein

GM growth medium

HTS high-throughput screen

IBAF bafilomycin A,

LOPAC library of pharmacologically active compounds

MEF mouse embryonic fibroblast

MIPs maximum intensity projections

PBS phosphate-buffered saline

PCD programmed cell deathPotl peroxisomal thiolase

PTS1 peroxisomal targeting signal 1RFP red fluorescent
protein

SD standard deviation

SEM standard error mean ZPCK Z-L-phenyl chloro-

methyl ketone
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