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Currently, targeting the autophagic pathway is regarded as a promising new strategy
for cancer drug discovery. Here, we screened the North China Pharmaceutical Group
Corporation’s pure compound library of microbial origin using GFP-LC3B-SKOV3
cells and identified elaiophylin as a novel autophagy inhibitor. Elaiophylin promotes
autophagosome accumulation but blocks autophagic flux by attenuating lysosomal
cathepsin activity, resulting in the accumulation of SQSTM1/p62 in various cell lines.
Moreover, elaiophylin destabilizes lysosomes as indicated by LysoTracker Red
staining and CTSB/cathepsin B and CTSD/ cathepsin D release from lysosomes into
the cytoplasm. Elaiophylin eventually decreases cell viability, especially in
combination with cisplatin or under hypoxic conditions. Furthermore, administration
of a lower dose (2 mg/kg) of elaiophylin as a single agent achieves a significant
antitumor effect without toxicity in an orthotopic ovarian cancer model with
metastasis; however, high doses (8 mg/kg) of elaiophylin lead to dysfunction of
Paneth cells, which resembles the intestinal phenotype of ATG16L1-deficient mice.
Together, these results provide a safe therapeutic window for potential clinical
applications of this compound. Our results demonstrate, for the first time, that
elaiophylin is a novel autophagy inhibitor, with significant antitumor efficacy as a
single agent or in combination in human ovarian cancer cells, establishing the

potential treatment of ovarian cancer by this compound.

Keywords: autophagy, elaiophylin, ovarian cancer, antitumor, cell death, natural compound.
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Abbreviations:  3-MA, 3-methyladenine; AO, acridine orange; ATGS,
autophagy-related 5; ATG16L1, autophagy-related 16-like 1 (S. cerevisiae); BECN1,
Beclin 1, autophagy-related; CCK-8, Cell Counting Kit-8; CQ, chloroquine; CTSB,
cathepsin B; CTSD, cathepsin D; DDP, cisplatin; DMSO, dimethyl sulfoxide; EBSS,
Earle’s balanced salt solution; GAPDH, glyceraldehyde-3-phosphate dehydrogenase;
GFP, green fluorescent protein; HIF1A, hypoxia inducible factor 1, alpha subunit
(basic helix-loop-helix transcription factor); LAMPL1, lysosomal-associated membrane
protein 1; MAP1LC3B/LC3B, microtubule-associated protein 1 light chain 3 beta;
LMP, lysosomal membrane permeabilization; MEF, mouse embryonic fibroblast;
NCPC, North China Pharmaceutical Group Corporation; PARP1, poly (ADP-ribose)
polymerase 1; PECAM1/CD31, platelet/endothelial cell adhesion molecule 1; RFP,
red fluorescent protein; SQSTM1, sequestosome 1; TUNEL, terminal

deoxynucleotidyl transferase-mediated dUTP nick-end labeling
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Introduction

Ovarian cancer is the fourth leading cause of cancer death in women and causes
more deaths than any other female genital tract cancer. The high mortality rate of
ovarian cancer patients is due to the difficulty in diagnosing the disease at an early
stage, a tendency to relapse, and drug resistance.” Although initial chemotherapy with
cisplatin and its derivatives is effective in most patients, the relapse rate remains high
and tumors become increasingly resistant to cisplatin. These facts help explain why
the 5-year survival rate of this disease remains below 40%, unchanged for the past 30
years.?

Considerable effort has been devoted to identifying novel and more reliable
biomarkers for early disease detection and targeted molecular therapy. This clinical
phenomenon highlights the need for more efficacious therapies. Previously,
dysregulation of the autophagy pathway in ovarian cancer cells was shown to
participate in tumor dormancy and radio or chemoresistance.” > The results of a recent
study indicate that autophagy mediated by MAPK1/ERK2-MAPK3/ERK1 can lead to
cisplatin resistance, suggesting that inhibition of autophagy might overcome cisplatin
resistance in ovarian cancer cells.® Therefore, targeting the autophagy process in
ovarian cancers may have considerable efficacy for disease treatment.

Autophagy, a lysosome-dependent pathway, is a complex catabolic process that
involves the degradation of dysfunctional or useless cytoplasmic constituents.” The

clinical relevance of autophagy stems from its potential to protect cells against a
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variety of intracellular and extracellular stress signals and to favor tumor development.
10 Mparadoxically, autophagy has also been associated with cell death, because
excessive or persistent autophagy can promote cell killing by depleting key organelles
(e.g., endoplasmic reticulum [ER] or mitochondria), rewiring survival signals,
deregulating lysosomal enzymes, and/or activating caspase-dependent apoptotic
programs.'?1®

Therefore, to identify novel compounds modulating autophagy in ovarian cancer,
we generated SKOV3 cells that constitutively express green fluorescent protein
(GFP)-tagged microtubule-associated protein 1 light chain 3 beta (LC3B)
(GFP-LC3B). Using GFP-LC3B as an autophagosomal marker, we established a
cell-based high-throughput screening model based on iSort image cytometry that
enabled us to image and quantitatively analyze GFP-LC3B in SKOV3 cells. By
screening the North China Pharmaceutical Group Corporation’s (NCPC) pure
compound library of microbial origin, we determined that elaiophylin, a C2 symmetry
16-member macrodiolide antibiotic extracted from Streptomyces melanosporus,’
promotes autophagosome accumulation but blocks autophagic flux in the late stage of
the autophagy process, ultimately inhibiting autophagy in ovarian carcinoma cells.
This novel autophagy inhibitor eventually induces cell death, an effect that was

amplified when combined with cisplatin or under hypoxic conditions. More excitingly,

elaiophylin exerts a significant antitumor effect as a single agent in an orthotopic
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ovarian cancer model with metastasis, suggesting the therapeutic potential of this

compound for the treatment of ovarian cancer.

Results

A functional screen to identify elaiophylin as a novel autophagy modulator
from natural compounds

To identify novel compounds modulating autophagy in ovarian cancer, we generated
SKOV3 cells constitutively expressing GFP-LC3B and screened 540 compounds
from the NCPC pure compound library of microbial origin. The effect of each
compound on GFP-LC3B-SKOV3 cells was monitored separately with fluorescence
using iSort image cytometry. Chloroquine (CQ) and rapamycin served as positive
controls and dimethyl sulfoxide (DMSO) served as the negative control. After
quantitative analysis of the number and density of GFP-LC3B dots in each transfected
cell, elaiophylin was identified as a potent candidate and earmarked for further
analysis (Fig. 1A to C).

Next, we performed fluorescence assays and immunoblotting for LC3B to validate
the effects of elaiophylin on autophagy. In SKOV3 cells stably expressing GFP-LC3B,
elaiophylin increased numbers of fluorescent puncta per cell in a dose- and
time-dependent manner (Fig. 1D to E). An enhanced LC3B conversion was further
revealed by immunoblotting assays in 5 ovarian cancer cell lines (SKOV3, OVCARS,
A2780, CaOV-3, and SW626), several other human cancer cell lines (PC-3, HepG2,

A549, and Hela), and HEK-293 cells and mouse embryonic fibroblasts (MEFs)
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following incubation with elaiophylin. These results suggest that elaiophylin
treatment universally resulted in autophagosome accumulation in mammalian cells
(Fig. 1F; Fig. S1; Fig. S2). Transmission electron microscopy was used to further
investigate the morphological changes induced by elaiophylin. Compared to control
cells, elaiophylin-treated cells displayed representative ultrastructural morphological
features of autophagosomes (double-membrane vacuolar structures containing
undigested cytoplasmic contents), further highlighting the capacity of elaiophylin to
promote autophagosome accumulation (Fig. 1G).
Autophagic flux was inhibited by elaiophylin treatment

Increased numbers of autophagosomes can be associated either with increased
autophagosome synthesis or decreased autophagosome turnover. To distinguish
between these 2 possibilities, we measured the autophagic flux. First, we analyzed
autophagy in the presence of autophagy inhibitors, such as 3-methyladenine (3-MA)
and CQ in GFP-LC3B-SKOV3 cells. Coincubation of elaiophylin (0.5 uM) with
3-MA (10 mM), which blocks the upstream steps of autophagy,'® reduced the
accumulation of GFP-LC3B puncta. In contrast, coincubation of elaiophylin (0.5 uM)
with CQ (25 uM), which blocks the downstream steps of autophagy,’ did not induce a
significant increase in GFP-LC3B puncta compared with elaiophylin treatment alone
(Fig. 2A and B), indicating that elaiophylin was not an autophagy inducer.
Additionally, elaiophylin-treated cells did not exhibit an increase in LC3B-I11 levels in

CQ-treated cells compared with control cells (Fig. 2C).
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To further investigate the role of elaiophylin in autophagy, we monitored the total
amount of SQSTML1, which has been implicated in autophagic cargo recognition and
is lost in the final stages of autophagy during autolysosome degradation.”® An
increase in the amount of SQSTML1 is related to the inhibition of autophagy flux. Data
presented by immunoblot revealed an accumulation of SQSTM1 following
elaiophylin incubation in SKVO3 cells (Fig. 2D). Consistently, increased expression
of SQSTM1 was found not only in 4 other ovarian cancer cell lines (SW626,
OVCARS3, A2780, CaOV-3) but also in several other human cancer cell lines (PC-3,
HepG2, A549, and HeLa), as well as in HEK-293 and mouse embryonic fibroblasts
(MEFs) (Fig. S3; Fig. S4). These results suggest that elaiophylin universally
interrupted autophagy flux in mammalian cells. This phenomenon was further
confirmed by immunofluorescence-based analysis. As shown in Figure 2E,
elaiophylin treatment led to the accumulation of SQSTM1 and GFP-LC3B puncta
with extensive colocalization, similar to that seen following CQ treatment, indicating
that elaiophylin inhibited the late stage of autophagy. Together, these results
demonstrated that elaiophylin-induced autophagosome accumulation was due to
impaired autophagic flux, indicating that elaiophylin was a potent autophagic flux
inhibitor.

Fusion of autophagosomes with lysosomes or endosomes was not inhibited by
elaiophylin

A probable explanation for the impaired autophagy flux induced by elaiophylin
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could be an inhibition of fusion of autophagosomes with late endosomes or lysosomes.
To determine whether elaiophylin induced autophagosome fusion with lysosomes, we
used confocal microscopy to assess the colocalization of GFP-LC3B with LAMPL, a
marker for endosomal and lysosomal membranes (Fig. 3A and B). Notably, we found
that elaiophylin induced a significant overlap between GFP-LC3B and LAMP1-RFP
(Fig. 3A, Pearson correlation coefficient = 0.59) in SKOV3 cells similar to the effect
of starvation (EBSS, Earle’s balanced salt solution), indicating that autophagosome
and lysosome fusion was not inhibited by elaiophylin treatment. In contrast, treatment
with the lysosomotropic agent CQ as a negative control produced a significant
separation of GFP-LC3B and LAMP1-RFP (Fig. 3A, Pearson correlation coefficient
= 0.33). Furthermore, when monitoring fluid phase endocytosis by fluorescent dextran
uptake, confocal analysis revealed a considerable colocalization of LC3B-positive
autophagosomes with Texas Red dextran, indicating that elaiophylin did not block
fluid-phase endocytosis (Fig. 3C and D).
Elaiophylin blocks autophagic flux by attenuating lysosomal cathepsin activity
Because the impaired autophagic flux induced by elaiophylin was not caused by a
blockade of fusion of autophagosomes with lysosomes or endosomes, it may be
involved in the function of the lysosome. To this end, we examined the effects of
elaiophylin on lysosomal function. First, because autophagosome and lysosome
fusion is dependent on the pH in acidic compartments,? we used acridine orange (AO;

a dye that accumulates in intracellular acidic vesicles) staining to evaluate lysosomal
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pH. SKOV3 cells were treated for 12 h with DMSO, CQ or elaiophylin and stained
with acridine orange. Both CQ and elaiophylin produced an accumulation of acidic
vesicles, indicating that impaired autophagic flux induced by elaiophylin was not due
to inhibition of lysosomal acidification (Fig. 4A).

Next, to monitor lysosomal activity during elaiophylin treatment, cells were
assayed for their ability to process DQ-BSA (a derivative of BSA), the red
fluorescence of which is quenched unless it is cleaved by proteolytic enzymes.?* As
shown in Figure 4B, very little dequenching of DQ-BSA occurred in
elaiophylin-treated cells, indicating that intracellular proteolytic activity was inhibited
in the presence of elaiophylin. Thus, we performed functional assays of lysosomal
activity on elaiophylin-treated SKOV3 cells. Fluorogenic substrate assays were used
to measure the enzymatic activity of CTSB and CTSD. Both CTSB and CTSD
activities were reduced in a time-dependent manner following elaiophylin treatment,
indicating that elaiophylin significantly inhibits the activity of cathepsins (Fig. 4C).
Furthermore, we investigated the effects of elaiophylin on cathepsin processing by
immunoblotting using antibodies recognizing the pro-form and the mature form of
CTSB and CTSD. Consistently, elaiophylin significantly impaired the maturation of
CTSB and CTSD (Fig. 4D). Taken together, our data demonstrated that elaiophylin
impairs autophagic flux by inhibiting lysosomal cathepsin activity.

Elaiophylin treatment destabilized lysosomes

Because elaiophylin disrupts lysosomal degradation to inhibit the autophagy process,
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we next focused on examining the effect of elaiophylin on lysosomal integrity. We
treated SKOV3 cells with elaiophylin for the indicated times and doses before the
addition of LysoTracker Red, a dye that accumulates in acidic compartments.
Elaiophylin induced a time- and dose-dependent decrease of LysoTracker Red
fluorescence in SKOV3 cells, indicating that the volume of the acidic compartment
decreases in a time- and dose-dependent manner following elaiophylin treatment (Fig.
4E and 4F). To further determine whether the reduction in the volume of the acidic
compartment following elaiophylin treatment was due to lysosomal permeabilization,
the localization of CTSB and CTSD was analyzed by western blotting. Treatment
with elaiophylin caused a decrease in CTSB and CTSD in the lysosomal fraction and
a concomitant increase in the cytoplasmic fraction (Fig. 4G). This altered distribution
of CTSB and CTSD confirms the permeabilization of lysosomal membranes
following elaiophylin treatment.
Elaiophylin-induced cell death was partially apoptotic

Next, we investigated the molecular modulator(s) of elaiophylin that might link
autophagy inhibition to other biological processes in SKOV3 cells. Cells were treated
with elaiophylin (0.5 uM) for 0, 3, 6, or 12 h prior to microarray analysis, followed by
gene set enrichment analysis. Following elaiophylin treatment, a set of 409 genes
belonging to the autophagy interaction network (which was defined by a proteomic
approach?®) were significantly upregulated (Fig. S5A). Consistent with this

observation, the gene set enrichment analysis disclosed a significant enrichment of
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genes in the Mizushima_Autophagosome_Formation set in the elaiophylin-treated
groups (Fig. S5B and S5C). These results were further validated by real-time PCR
(Fig. S5D).

Interestingly, a sustained upregulation of proapoptotic genes such as those
encoding DR5, BAK1, BBC3, and NOXA was identified and further validated by
real-time PCR (Fig. S5E and S5F). To investigate whether elaiophylin-mediated
autophagy inhibition and lysosomal dysfunction eventually affected cell survival, we
used the CCK-8 assay to analyze the effects of elaiophylin on the viability of ovarian
cancer cells. Elaiophylin treatment markedly induced cell death in SKOV3, A2780,
and OVCARS cells (Fig. 5A). A synergistic effect was observed when combined with
cisplatin in cisplatin-sensitive human ovarian cancer cell lines SKOV3 and A2780
(Fig. S6A and S6B). Importantly, combination elaiophylin and cisplatin treatment
also significantly increased cell death in the cisplatin-resistant human ovarian cancer
cell line C13* and in SKOV3-DDP, a cisplatin-resistant cell line established by
increasing the concentrations of cisplatin to which parental SKOV3 cells were
exposed, suggesting that elaiophylin circumvents resistance to cisplatin in ovarian
cancer (Fig. S6A and S6C).

The apoptotic cell death pathway was investigated by immunoblotting. In both the
SKOV3 and A2780 cell lines, elaiophylin treatment led to significant activation of
cleaved CASP9/caspase-9 and PARP1 and downregulation of BIRC5/survivin in a

concentration-dependent manner (Fig. 5B). To elucidate whether caspase activation is
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required for elaiophylin-induced cell death, we exposed cells to the pancaspase
inhibitor Z-VAD-FMK. Our immunoblot data showed that the addition of
Z-VAD-FMK completely prevented PARP1 cleavage induced by elaiophylin (Fig.
5C). However, elaiophylin-induced cell death was only modestly rescued in all 3
tested ovarian cancer cell lines (Fig. 5D). With regard to cell-cycle arrest, even at
doses high enough to largely inhibit cell proliferation, elaiophylin did not induce any
significant change in the cell cycle (Fig. S7). Taken together, these experiments
indicated that elaiophylin triggered cell death in a partially apoptotic manner.
Constitutive autophagy contributed to elaiophylin-induced cell death

To further explore the link between the inhibition of autophagy and cell viability
by elaiophylin, we silenced the genes encoding key autophagy regulators ATG5 and
BECN1 in SKOV3 cells. Immunoblots showed an 80% to 90% reduction in ATG5 or
BECNL1 levels in SKOV3 cells transfected with shRNA, revealing an effective
knockdown of target proteins (Fig. 6A and 6B). Silencing of ATG5 or BECN1 in
SKOV3 cells effectively attenuated elaiophylin-induced autophagosome accumulation,
as indicated by a decrease in LC3B-Il and LC3B puncta accumulation and a reduction
in SQSTM1 accumulation (Fig. 6C and D and 6F). Importantly, downregulation of
ATG5 or BECNL1 obviously rescued elaiophylin-induced cleavage of PARP1 and
significantly inhibited elaiophylin-induced cell death (Fig. 6C and D and 6E). These
effects were specific to the reduction in ATG5 or BECN1 levels, because

autophagosome accumulation and cell death were partially restored by the expression
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of shRNA-resistant ATG5 or BECN1 in ATG5 or BECN1 knockdown cells. These
results suggest that constitutive autophagy contributed to elaiophylin-induced cell
death (Fig. 6C to E).

As elaiophylin induces lysosomal permeabilization (Fig. 4), the role of cathepsins
in elaiophylin-induced cell death was explored using chemical inhibitors of cathepsins.
As shown in Figure S8, both Ca074Me (CTSB inhibitor) and pepstatin A (CTSD
inhibitor), partially prevented elaiophylin-induced cell death in SKOV3, indicating
that cathepsins might partially involved in elaiophylin-induced cell death.

Elaiophylin exerted autophagy inhibition and antitumor efficacy in vivo

To evaluate the therapeutic benefits of elaiophylin treatment in vivo, 4-wk-old
BALB/C athymic mice bearing palpable SKOV3 tumors were treated with DMSO or
elaiophylin (1 mg/kg i.p. or 2 mg/kg i.p.) every 2 d. This schedule was well tolerated
by the mice for 3 wk. Treatment with 2 mg/kg elaiophylin significantly suppressed
tumor growth compared with DMSO treatment (Fig. 7A), resulting in a 72% decrease
in the average daily tumor growth rate compared with DMSO treatment (26.3 mm?®/d
vs. 7.3 mm¥d; P =0.002; Fig. 7B). The average tumor weights were calculated and
indicated that significant antitumor activity occurred with 2 mg/kg elaiophylin (Fig.
7A). When an antibody against LC3B was used to visualize autophagosome formation,
elaiophylin exposure significantly augmented the total number of positive cells and
the signal intensity from LC3B for each cell compared with controls, indicating

elaiophylin could promote autophagosome accumulation in vivo. Correspondingly,
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the number of apoptotic cells in tumor xenografts measured by TUNEL staining was
increased in elaiophylin-treated tumors compared with DMSO-treated tumors (Fig.
7C and D). Given the enhanced cytotoxicity observed in vitro following combination
therapy with cisplatin and elaiophylin, we sought to explore whether this combination
could improve tumor control in vivo. Mice bearing SKOV3 xenografts were assigned
to DMSO, cisplatin 4 mg/kg i.p., or cisplatin 4 mg/kg combined with elaiophylin 1
mg/kg i.p. treatment every 4 d, and tumor volume was monitored over time. The
combination approach was superior to single agent treatment in the SKOV3
xenografts (P <0.001 for comparison with cisplatin alone), indicating an even lower
dose of elaiophylin could sensitize ovarian tumor cells to cisplatin in vivo (Fig. S9).

To determine whether elaiophylin could impair ovarian cancer growth and
metastasis as a single agent, 1.0x10° GFP-LC3B-SKOV3 cells were injected into the
ovarian bursa of NOD/SCID mice to generate an orthotopic ovarian cancer model
with metastasis. One wk after surgery, 8 mice from each cohort bearing
GFP-LC3B-SKOV3 xenografts were assigned to treatment with DMSO or elaiophylin
(2 mg/kg i.p.) every 2 d. Tumor growth at the primary site was significantly impaired
by elaiophylin, resulting in ~60% reduction in tumor volume (Fig. 7E and F).
Furthermore, fewer mesenteric metastases were observed in elaiophylin-treated mice
than in control mice (Fig. 7G and H).

To determine whether higher elaiophylin doses produce significant toxicity, mice

bearing SKOV3 orthotopic ovarian cancer xenografts were given DMSO or
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elaiophylin at gradually increasing dosages of 4 or 8 mg/kg i.p. daily. Toxic reactions
were observed only in the 8 mg/kg group and appeared as weight loss in 6/8 mice,
lethargy with arched backs in 4/8 mice, and bowel obstruction in 6/8 mice. Daily
dosing for the 4 mg/kg group was well tolerated, as indicated by measurements of
body weight, food intake, breathing, and defecation (Fig. S11A). While histological
examination of vital organs uncovered no significant differences between control- and
4 mg/kg elaiophylin-treated mice (Fig. S10), inspection of the bowel displayed
extensively dilated small intestines and ilea in the 8 mg/kg elaiophylin-treated mice.
Histological examination of the ilea demonstrated intact intestinal villi and crypt
architecture, but reduced numbers of Paneth cells (Fig. S11B and S11C), which
mimicked the phenotype of ATG16L1-deficient mice and may be a sign of autophagy
deficiency.?® Thus, lower doses of elaiophylin as a single agent exerted significant
antitumor activity, while higher doses led to intestinal toxicity.
Blockade of hypoxia-induced autophagy by elaiophylin sensitized cells to hypoxia
We carefully observed LC3B signal distribution in the hypoxic zones (stained for
HIF1A) and vascularized areas (stained for PECAM1/CD31) of the tumors from the
orthotopic ovarian cancer xenograft mouse model. Interestingly, hypoxic tumor
regions, which were mainly located in the exterior regions of peritoneal metastases
that are poorly vascularized, display more LC3B signal distribution compared with

vascularized areas in the elaiophylin-treated group (Fig. 8A), suggesting that
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elaiophylin predominantly induced autophagosome accumulation to exert antitumoral
activity in hypoxic cells.

To further confirm that elaiophylin-induced autophagosome accumulation acted
on hypoxic cells, SKOV3 cells were separately cultured under normoxia or hypoxia
conditions. As shown in Figure 8B, elaiophylin increased LC3B-1 to LC3B-Ii
conversion in the hypoxia condition and blocked hypoxia-induced SQSTM1
degradation, leading to an increased level of SQSTM1 compared to the normoxia
condition. These results indicate that elaiophylin disrupts hypoxia-induced autophagy.
Additionally, hypoxia-induced GFP-LC3B puncta accumulation was dramatically
increased by elaiophylin treatment in GFP-LC3B-SKOV3 cells (Fig. 8C and D). To
further examine whether elaiophylin-mediated autophagy inhibition and lysosomal
dysfunction eventually affected cell survival during hypoxia, we used the CCK-8
assay to analyze the effects of elaiophylin on the viability of SKOV3 cells. Exposure
to elaiophylin caused a significant increase in cell death in hypoxia conditions
even at concentrations 5-fold lower than those required to affect the survival of

normoxic cells (Fig. 8E).

Discussion

Targeting the autophagic pathway is currently regarded as a promising new strategy
for cancer drug discovery.*® In the present study, we have identified and
characterized elaiophylin as a novel autophagy inhibitor. Elaiophylin, a C2 symmetry

16-member macrodiolide antibiotic, was originally isolated from Streptomyces



Downloaded by [Zhejiang University] at 18:25 25 April 2015

10

11

12

13

14

15

16

17

18

19

20

21

18

melanosporus.'” 2" 8 Prior studies have explored the antibacterial and antihelminthic
activity of elaiophylin; however, autophagy inhibition by elaiophylin has never been
previously recognized.?® Treatment with elaiophylin leads to substantial accumulation
of both autophagosome and SQSTM1 in various cells. Additionally, elaiophylin
functions to impair the maturation of CTSB/D and induce subsequent lysosomal
membrane permeabilization. In vitro, elaiophylin directly induces apoptosis in various
cells in a dose-dependent manner through inhibition of autophagy. In vivo,
administration of elaiophylin displays potent antitumor activity with a safe therapeutic
window. Furthermore, elaiophylin could sensitize the antitumor effect to cisplatin
both in vitro and in vivo. Interestingly, under hypoxia condition, elaiophylin induces
more cell death. As such, we identify elaiophylin as a novel autophagy inhibitor with
chemical structure distinct from other known inhibitors.

Currently, autophagy inhibitors can be divided into 2 categories: early-stage
inhibitors and late-stage inhibitors.®> 3 Early stage autophagy inhibitors, including
wortmannin, LY294002, and 3-MA, mainly block the formation of autophagosomes
through the inhibition of class Il PtdIns 3-kinases.** ® The late-stage autophagy
inhibitors, such as CQ, hydroxylchloroquine (HCQ), bafilomycin A;, and lysosomal
protease inhibitors, exert a suppressive effect downstream of autophagosome
formation, including inhibition of autophagosome and lysosome fusion and/or
blocking degradation of autophagic cargo inside autolysosomes.®* ** Our data

demonstrate that elaiophylin belongs to the late-stage autophagy inhibitor group.
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Early stage autophagy inhibitors are commonly used as pharmacological tools to
inhibit autophagy in vitro.*® However, late-stage autophagy inhibitors have proven to
be useful adjuvants in many antitumor therapies in vivo.*® 3" HCQ, a widely used
late-stage autophagy inhibitor, has been evaluated in several phase | and Il clinical
trials in combination with chemotherapy drugs in a variety of tumor types.®**
Furthermore, most current late-stage autophagy inhibitors are the synthetic derivatives
of CQ.* * Notably, in this study, for the first time, we demonstrate elaiophylin, a
natural compound with chemical structure distinct from CQ, as a novel late-stage
autophagy inhibitor. Our results imply that screening autophagy regulators from
natural compounds might be an efficient methodology to identify novel autophagy
inhibitors and lead compounds for cancer therapy.

Given the ability of elaiophylin to inhibit autophagic flux and eventually induce
cell death, a major concern remains whether elaiophylin-induced cell death is related
to autophagy inhibition. Our present data have provided some insight into this
important concern. First, as elaiophylin disrupts lysosomal degradation to inhibit the
autophagy process, we have examined the possibility of a lysosomal connection in the
induction of cell death. Induction of lysosomal membrane permeabilization (LMP)
has been abundantly linked to cell death.**** In our study, elaiophylin was found to
trigger LMP. Moreover, the abrogation of cathepsin activity by chemical inhibitors

attenuated cell death in the presence of elaiophylin, perhaps implying that increased

LMP is involved in the death-promoting effects of elaiophylin. Additionally,
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constitutive autophagy contributes to elaiophylin-induced cell death, because
silencing of autophagy genes regulating autophagosome formation attenuated cell
death following treatment with elaiophylin. Recent studies show that disruption of the
late stages of autophagy leads to excessive accumulation of autophagic vacuoles
containing deleterious undegraded material and has the potential to turn autophagy
into a destructive process.** It is therefore conceivable that elaiophylin is cytotoxic
because the cell is sensitive to cytotoxic intermediates created by late stage inhibition
of autophagy. In this case, reduced autophagosome formation could alleviate
elaiophylin toxicity. This finding is in accord with a recent study that shows that
silencing of autophagy genes regulating autophagosome formation protects HOSE
cells from CQ-toxicity.*®

Interestingly, in our present study we demonstrate that elaiophylin can efficiently
sensitize cancer cells to hypoxia both in vitro and in vivo, which is in accordance with
previous findings that inhibition of autophagy with autophagy inhibitors in hypoxic
conditions, particularly with late autophagy inhibitors such as chloroquine, causes
selective hypoxic cell killing.*® Hypoxia, a common feature of solid tumors, is well
known to play important roles in the development and progression of ovarian cancer,
such as inducing chemoresistance, promoting vasculogenic mimicry formation and
upgrading stem cell-like properties of ovarian cancer cells.*”° Previous studies have
shown that hypoxia activates a cell survival response involving autophagy to

ameliorate hypoxic stress.”® Remarkably, based on the fact that elaiophylin displays
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more effective antitumor activity in hypoxic regions (particularly in the exterior
regions of peritoneal metastases that are poorly vascularized), our results provide a
possibility for the use of elaiophylin as an adjuvant to bevacizumab treatment in
further research. This is important because bevacizumab inhibits the formation of new
tumor vessels, causing hypoxia in the region surrounding the tumor.

Our findings have important clinical implications. Ovarian cancer is considered to
be an intractable solid tumor. After initial treatment, a large number of cases of
advanced ovarian cancer eventually become refractory or relapse due to the
persistence of residual disease. These patients are considered incurable using the
current available treatment options, which necessitates the identification of novel
treatment modalities. Residual tumor cells may survive via autophagy and repopulate
once the stressor (radio- or chemotherapy) is removed, which likely contributes to
relapse.”® >* Thus, autophagy inhibition is a promising approach and is being
investigated as a new target strategy for ovarian cancer treatment. Our present data
highlight that elaiophylin is a novel autophagy inhibitor with unique chemical
structure, providing potential for structure-based development of autophagy inhibitors

for new cancer therapies.

Materials and Methods
Cell lines and cell culture
A2780 cells were obtained from the European Collection of Cell Cultures (ECACC,

Salisbury, UK). The C13* cell line was a gift from Prof. Benjamin K. Tsang of the
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Ottawa Health Research Institute, Ottawa, Canada.”®> SKOV-3 (HTB-77), OVCAR-3
(HTB-161), Caov-3 (HTB-75), SW 626 (HTB-78), PC-3 (CRL-1435), HepG2
(HB-8065), A549 (CCL-185), HelLa (CCL-2) and HEK-293 (CRL-1573) were
purchased from the American Type Culture Collection. Unless otherwise noted, all
cells were maintained in Dulbecco’s modified Eagle medium (Gibco/Invitrogen,
12100-046) supplemented with 10% fetal bovine serum (Gibco/Invitrogen, 10438-026)
and 10 U/ml penicillin-streptomycin (Gibco/Invitrogen, 15140-122). SKOV-3 cells
were maintained in McCoy 5A medium (Gibco/Invitrogen, 16600-082) and SW-626
cells in L-15 medium (Gibco/Invitrogen, 11415-064). OVCAR3 cells were
maintained RPMI-1640 (Gibco/Invitrogen, 31800-089) containing 0.01 mg/ml bovine
insulin and 20% fetal bovine serum. A2780 and C13* cells were maintained in
RPMI-1640 containing 2 mM L-glutamine and 10% fetal bovine serum. PC-3 and
A549 cells were grown in F-12K Medium (Gibco/Invitrogen, 21127-022). All cells
were cultured at 37 °C in a 5% (v/v) CO, atmosphere. For hypoxia, cells were
cultured under an atmosphere containing a mixture of 1% O,, 5% CO2 and 94% N2 at
37 °C.

Reagents and antibodies

Elaiophylin and rapamycin were provided by North China Pharmaceutical Group
Corporation New Drug R&D center. Elaiophylin was dissolved in DMSO to make a
stock solution at 1mM, stored at —20 °C, and diluted with proper medium before use.

3-methyladenine (M9281), pancaspase inhibitor Z-VAD-FMK (C2105), 4,
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6-diamidino-2-phenylindole (D9542), Ca074Me (C5732), pepstatin A (P5318) and
chloroquine (C6628) were purchased from Sigma Aldrich. GFP-LC3B lentivirus,
sh-ATG5 and sh-BECN1 were purchased from Neuron Biotech Inc. (Shanghai, China).
DeadEnd™ Colorimetric TUNEL System (G7360) was purchased from Promega
Biotech. LysoTracker Red (L-7528), DQ Red BSA assay (D12051), Earle balanced
salt solution (EBSS; 14155063) and Texas Red dextran (D1863) were purchased from
Invitrogen. LAMP1-RFP (plasmid 1817), pcDNA3-BECN1 (plasmid 21150) and
pCMV-myc-ATG5 (plasmid 24922) were purchased from Addgene. Primary
antibodies against MAPL1LC3B (#3868), ATG5 (#12994), BECN1/beclinl (#3495),
PARP1 (#9542), and cleaved CASP9 (#7237) were from Cell Signaling Technology.
Anti-CTSD (#2487-1) was from Epitomics. Anti-CTSB (ab33538) and anti-LAMP1
(ab24170) were from abcam. Anti-BIRC5/survivin (10508-1-AP), anti-GAPDH
(10494-1-AP) and anti-TUBALB (tubulin, alpha 1b; 11224-1-AP) were from
Proteintech. SQSTM1/p62 Lck ligand (#610832) was purchased from BD
Biosciences.

Cell viability assay

Cells (5,000 cells/well) were seeded in 3 replicates into 96-well plates and treated
with or without elaiophylin for a desired time period at the indicated concentrations.
After treatment, cell viability was evaluated using the Cell Counting Kit-8 (Dojindo

Laboratories, CK04-01) assay. The cell viability was expressed as a percentage of
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absorbance in cells with indicated treatments to that in cells with DMSO control
treatment.

Cell death assay

After each treatment, floating cells were first collected and later mixed with
attached cells harvested by trypsinization. Cells were washed twice with
phosphate-buffered saline (PBS; Sigma Aldrich, P3813-10PAK) and then stained with
the ANXAbS/annexin V-FITC and propidium iodide/Pl Apoptosis Detection kit
(#AP101-100;  MultiSciences Biotech) according to the  manufacturer’s
instructions. Cells were analyzed using a BD FACSCalibur flow cytometer (San Jose,
CA, USA). In total, 10,000 cells were analyzed per measurement. Data were analyzed
using FlowJo software.

Quantitative analysis of GFP-LC3B dots

SKOV3 cells stably expressing GFP-LC3B were seeded into PerkinElmer View
96-well plates at a density of 5,000 cells per well. Eighteen h after seeding, chemicals
were added to the medium. Each chemical was tested in triplicate across a
concentration gradient (0.25, 0.5, 1, 2.5 and 5 uM) to select dose-responsive hits.
Cells were cultured for another 12 h at 37 °C. The cells were then fixed with 3% (v/v)
paraformaldehyde at room temperature for 15 min. Fixed-cells were washed once
with PBS and stored at 4 °C until analyzed.

Plates were scanned using iSort image cytometry, which enables the acquisition

and quantitative analysis of images of GFP-LC3B dots. The “granularity” application
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module is used to detect and count granules in cells, permitting the direct
determination of the average granule number per cell. GFP-LC3B dots were defined
as bright puncta (>1.5 SD above the mean cytosolic fluorescence). Puncta with a
diameter >0.75 pum were used as cut-off. The number of GFP-LC3B dots per cell was
counted in at least 3 independent visual fields from 3 independent wells. The results
were expressed as the average number of GFP-LC3B dots in each cell (mean *
standard deviation).

Wells showing a 3-fold or higher increase in the number of GFP-LC3B puncta
versus control wells were re-examined to eliminate false positives. Compounds
inducing a 3-fold or higher increase in the number of GFP-LC3B puncta were
considered “hits.” The Z-factor of the assay was determined from the number of
GFP-LC3B puncta measured in cells treated with DMSO (negative control) or

chloroquine and rapamycin (positive controls).

_30,.+30,

Z=1
|/u—c - /u+cl

, Where o, 0.c, Hc, and ¢ are the standard deviations (o) and

the averages () of the positive (+c) and negative (-c) controls. The Z factor value is
0.76 for this assay.

Microarray analysis

Identification of potential differences in elaiophylin-induced gene expression by
Roche NimbleGen array analysis, total RNA was extracted from SKOV3 cells
cultured in the presence of 0.5 uM of elaiophylin for 0, 3, 6, or 12 h and was

subsequently subjected to microarray analysis. The Roche NimbleGen Human
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Genome 12x135K Array was used for the current study. The computer software that
accompanied the microarray was used to process the data from the genechips. Gene
set enrichment analysis was used to compare the elaiophylin-treated data set with
gene sets in Molecular Signatures Database (MSigDB). The indicated gene symbols
were derived from the NCBI GenBank database.

Transmission electron microscopy assay

Cells were seeded in 100 mm dishes and cultured overnight. The cells were treated
with DMSO or elaiophylin for indicated times. After incubation, cells were harvested.
Then cells were washed with cold PBS once and fixed with 2.5% glutaraldehyde in
0.1 M phosphate buffer (pH 7.2) at 4 °C overnight and subsequently post-fixed in 1%
osmium tetroxide for 1 h. Then samples were embedded, sectioned, doubly stained
with uranyl acetate and lead citrate and finally observed under transmission electron
microscopy (FEI Tecnai G® 12, Eindhoven, Netherlands).

Western blot analysis

Cells were lysed in RIPA buffer with protease inhibitors (Roche, 04693116001)
and phosphatase inhibitor (Sigma, P0044). The samples were loaded onto an
acrylamide gel and then transferred on a PVDF membrane. The membranes were then
probed with primary antibodies at 4 °C overnight, and finally incubated with a
horseradish peroxidase-labeled secondary antibody (Sigma, A0545 and A6154).
Detection was performed using a Pierce ECL western blotting substrate system.

Immunofluorescence staining and fluorescence microscopy
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GFP-LC3B-SKOV3 cells were treated and fixed with 4% paraformaldehyde at
room temperature for 10 min followed by permeabilization with 0.1% Triton X-100
(Sigma, X100) for 15 min. Fixed cells were blocked with 5% BSA (Roche,
10735086001) in PBS at 37 °C for 30 min, then incubated with primary antibody
against SQSTM1 (BD Biosciences, 610832) at 4 °C overnight. After being washed
twice with PBS, cells were incubated with Alexa Fluor-conjugated secondary
antibodies (Alexa Fluor 555 goat anti-mouse; Invitrogen, A21422). Nuclei were
stained for 10 min with 4’ 6-diamidino-2-phenylindole (DAPI; Molecular
Probes/Invitrogen, D1306). Images were captured by fluorescence microscopy
(Olympus DP73, Tokyo, Japan) and by laser scanning confocal microscopy (Olympus
FV1000, Tokyo, Japan).

Acridine orange staining

Cell staining with acridine orange (AO; Molecular Probes/Invitrogen, A1301)
was performed according to published procedures,® adding a final concentration of 2
ug/ml for a period of 20 min (37 °C, 5% CO,). Tumor cells were incubated with
elaiophylin (0.5 uM), or chloroquine (25 uM) for the indicated time before the AO
was added. Photographs were obtained using an Olympus FV1000 confocal laser
scanning microscope. AO produces red fluorescence (emission peak at about 650 nm)
in the lysosomal compartments, and green fluorescence (emission peak between 530
and 550 nm) in the cytosolic and nuclear compartments.

Incorporation of Texas Red Dextran
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Texas Red-labeled lysine-fixable dextran (MW10, 000) was purchased from
Molecular Probes/Invitrogen (D1863). GFP-LC3B-SKOV3 cells were incubated with
Texas Red dextran (1 mg/ml) overnight. On the following day, the cells were
transferred to fresh medium for the chase before being treated with elaiophylin (0.5
uM) for indicated time. The cells were observed with confocal microscopy without
fixation.

DQ Red BSA staining

Lysosomal-dependent proteolysis was visualized with DQ Red BSA (Molecular
Probes/Invitrogen, D-12051) at a concentration of 10 pug/ml for 12 h (37 °C, 5% CO,).
The cells were then washed 3 times with PBS before being treated with 0.5 uM
elaiophylin for 12 h. Then cells were observed using an Olympus FV1000 confocal
laser scanning microscope.

Cathepsin activity assay

CTSB and CTSD activity was determined using the commercial assay provided by
Biovision according to the manufacturer’s protocol (BioVision, K140-100/K143-100).
Cathepsin activity was expressed as fold-change in relative fluorescence units (RFU)
per microgram protein.

LysoTracker Red staining

Cells from different treatments were collected and then incubated in the dark for 30

min at 37 °C with LysoTracker Red DND-99 (Invitrogen, 100 nM). Single-color flow
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cytometry was carried out on a BD FACSCalibur flow cytometer (San Jose, CA,
USA), and the data were analyzed using FlowJo software.

Cell fractionation

Lysosomal fractions were extracted from cell homogenates by differential
centrifugation followed by density centrifugation according to the manufacturer’s
protocol (Lysosome Extraction Kit; Sigma-Aldrich; LYSISO1). Briefly, cell
homogenates were centrifuged for 10 min at 1000 X g at 4 °C. The supernatant
fraction was centrifuged for 20 min at 20,000 X g at 4 °C to pellet lysosomes and
other organelles, and the resulting supernatant fraction was collected as cytosolic
fraction. The pellet fractions were subjected to additional centrifugation. The final
pellet (lysosomal) fraction was lysed in the lysis buffer described in the procedure for
western blotting. Samples were subjected to immunoblotting.

In vivo treatment

SKOV3 cells (5x10°%) resuspended in 50 pL of PBS were injected subcutaneously
into the flanks of 4-wk-old BALB/C athymic mice (Beijing HFK Bioscience). Mice
were housed and maintained under specific pathogen-free conditions. All animal
experiments were carried out in accordance with the Guide for the Care and Use of
Laboratory Animals of Tongji Hospital. When mice exhibited palpable tumors, they
were randomly assigned to treatment groups (6 to 8 mice per group) to avoid

treatment bias. Elaiophylin was given i.p. (1 or 2 mg/kg) every 2 d for 21 d, or DMSO
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was used as a control. Tumor volumes were calculated as length*(square of width)/2.
After the initial treatment, the tumor size was determined every day.

GFP-LC3B-SKOV3 cells were injected orthotopically under the ovarian bursa of
6-wk-old female NOD/SCID mice (Beijing HFK Bioscience). For orthotopic injection,
mice were anesthetized with a cocktail of acepromazine and torbugesic, and a dorsal
incision was employed to expose the right ovary enshrouded in its oviductal fimbriae.
1.0x10° cells, resuspended in 10 pL of growth medium, were injected with a 30-gauge
needle under the ovarian bursal membrane. One week after surgery, elaiophylin was
given i.p. (2 mg/kg) every 2 d, or DMSO was used as a control. Eight wk after the
injection, the mice were euthanized and necropsies were performed. Investigators
were blinded to the treatment groups.

Immunohistochemistry

Tumors were resected immediately after euthanasia and fixed in 4%
paraformaldehyde at 4 °C for 48 h. Selected samples were embedded in paraffin,
sectioned and stained with primary antibodies. The immunostaining intensity was
scored as previously described.®’

Statistical analysis

Data were compared using a 2-tailed Student t test, a one-way ANOVA test
followed by Tukey's multiple comparison tests or a Mann-Whitney U test. A value of

P < 0.05 was considered statistically significant.
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Figure 1. Identification of elaiophylin as a novel autophagy modulator. (A)
Schematic of functional screening for autophagy-related compounds based on
automated fluorescence imaging. (B) Representative images of SKOV3 cells
expressing GFP-LC3B (green) upon treatment with DMSO (negative control),
chloroquine (positive control), rapamycin (positive control), or elaiophylin. iSort
image cytometry was used to detect and count granules in cells and to measure the
physical characteristics of granules. The bottom panels show results of image
segmentation used for quantification of the GFP-LC3B puncta (red, autophagosomal
GFP-LC3B). (C) The number of GFP-LC3B dots per cell was determined using iSort
image cytometry after 12 h of treatment. The number of GFP-LC3B dots was counted
in at least 3 independent visual fields from 3 independent wells. Results were
expressed as the average grain number and grain density per cell. (D) Fluorescence
imaging of the GFP-LC3B distribution in SKOV3 cells treated with elaiophylin. Cells
treated with DMSO served as the negative control. (E) Quantification of data in (D),
expressed as the numbers of GFP-LC3B puncta per cell at the indicated times after
treatment. Error bars correspond to SEM of 3 independent experiments. (F)
Elaiophylin induced autophagosome formation in SKOV3 cells, as revealed by
LC3B-I to LC3B-II conversion on western blotting. (G) Effect of elaiophylin on
SKOV3 cell morphology. Representative electron microscopy photomicrographs are
shown (6 h). The arrow indicates autophagic vacuoles. Scale bars: 2 um. Right panel

is magnification of the boxed region (scale bars: 500 nm).
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Figure 2. Elaiophylin inhibits autophagic flux. (A and B) GFP-LC3B-expressing
SKOV3 cells were treated with DMSO, 3-MA (10 mM), or chloroquine (25 uM)
alone or in the presence of elaiophylin (0.5 uM) for 12 h. GFP-LC3B puncta per cell
were counted. Data are mean £ SEM for triplicate samples of at least 100 cells per
sample (*P<0.05). (C) SKOV3 cells were treated with elaiophylin (0.5 uM) alone or
in the presence of chloroquine (25 uM) for 12 h. Conversion of LC3B-I to LC3B-II
was evaluated by western blot. (D) SKOV3 cells were treated with elaiophylin (0.5
uM) for indicated time point. Protein expression was determined for LC3B and
SQSTML1. (E) SKOV3 cells expressing GFP-LC3B were treated with DMSO,
elaiophylin (0.5 uM), or chloroquine (25 uM) for 12 h, followed by staining with
4’ 6-diamidino-2-phenylindole (blue) and anti-SQSTML1 (red). Panels on the right are

higher-magnification images of the boxed regions. Original magnification: X<40.
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Figure 3. Elaiophylin does not block the fusion between the autophagosome with the
lysosome or endosome. (A) LAMP1-RFP transfected SKOV3-GFP-LC3B cells were
treated with elaiophylin (0.5 uM) or CQ (25 uM) for 12 h, or cultured in EBSS
solution for 2 h. Fusion between autophagosomes (GFP-LC3B) and lysosomes
(LAMP1-RFP) was evident in EBSS- and elaiophylin -treated cells (yellow in merged
images). A complete separation of green and red signals was observed in CQ-treated
cells. Numbers represent Pearson correlation coefficient as a statistic for quantifying
colocalization calculated using ImageJ software. More than 30 cells were counted in
each condition and data (mean = SD) are representative of 3 independent experiments.
Original magnification: X 100. (B) The intensity profiles for both fluorescence
channels of the white line positioned in (A) was measured using the Plot Profile
function in the ImageJ software. (C) SKOV3-GFP-LC3B cells were incubated with
Texas Red dextran (1 mg/mL) overnight followed by a 4 h chase. Cells preloaded
with Texas Red dextran were then treated with or without 0.5 uM of elaiophylin for
12 h, and then subjected to confocal microscopy analysis without fixation. Insets
highlight the colocalization in the main panels. Original magnification: X 100. (D)
The intensity profiles for both fluorescence channels of the white line positioned
in (C) was measured using the plot profile function in the ImageJ software. The
regions where the peak signal for GFP-LC3B (green fluorescence) and the peak signal

for Texas Red dextran (red fluorescence) overlapped were identified.
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Figure 4. Elaiophylin does not interfere with acridine orange-staining of acidic
compartments but downregulates lysosomal cathepsins. (A) Acridine orange (AO)
staining in control, elaiophylin (0.5 uM, 12 h)- or CQ (25 uM, 12 h)-treated SKOV3
cells. The cytoplasm and nucleus essentially displayed green fluorescence, whereas
the acidic compartments, including the lysosomes, displayed red fluorescence.
Original magnification: X40. (B) SKOV3-GFP-LC3B cells were incubated with DQ
Red BSA (10 pg/ml) for 12 h. The cells were then washed twice with PBS before
being treated with 0.5 uM elaiophylin for 12 h. The cells were fixed and analyzed for
confocal microscopy. Original magnification: X60. (C) Enzymatic activity of CTSB
and CTSD in elaiophylin treated SKOV3 cells. Cells were treated with DMSO or
elaiophylin (0.5 pM) at 6 h, 12 h, and 24 h as indicated. Enzymatic activity was
analyzed using fluorogenic kits. Data are presented as the means = SD from 3
independent experiments. (D) Western blotting analysis of endogenous CTSB and
CTSD. (E) FACS analysis of LysoTracker Red after treatment with elaiophylin (0.5
uM) for 12 h and 24 h. (F) FACS analysis of LysoTracker Red after treatment with
elaiophylin (0.5 uM or 0.75 uM) for 12 h. (G) Cell fractionation was performed to
separate lysosomal and cytosolic fraction from DMSO- or elaiophylin-treated cells
(24 h). CTSB and CTSD were detected by western blotting of the different fractions.

A representative blot is shown, with LAMP1 as a lysosomal marker.
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Figure 5. Elaiophylin-induced cell death is partially apoptotic in ovarian cancer cells.
(A) Effect of elaiophylin on the viability of ovarian cancer cell lines (OVCARS,
A2780, and SKOV3). Data are mean + SEM of 3 experiments. (B) SKOV3 and
A2780 cells were treated with elaiophylin for 24 h. Protein levels of cleaved CASP9,
PARP1, BIRCS5, and glyceraldehyde 3-phosphate dehydrogenase (GAPDH) were
detected by western blot. (C) SKOV3 and A2780 cells were treated with elaiophylin
in the presence or absence of Z-VAD-FMK. PARP and GAPDH were detected by
western blot. (D) Flow cytometric analysis of cell death. SKOV3, OVCARS, and
A2780 cells were treated for 24 h with elaiophylin (0.5 pM) or DMSO in the presence
or absence of Z-VAD-FMK (25 uM). Data are means + standard deviation of 3

independent experiments (*P<0.05).
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Figure 6. Constitutive autophagy contributes to elaiophylin-induced cell death. (A
and B) Effect of shRNAs on the expression of proteins involved in autophagy.
SKOV3 cells were transfected with ATG5 shRNA, BECN1 shRNA, or control
(Scrambled) shRNA vectors. The expression of ATG5 and BECN1 was monitored by
western blot and real-time PCR. (C and D) SKOV3 cells transfected with control
shRNA, ATG5 shRNA or BECN1 shRNA, as well as with exogenous
shRNA-resistant ATG5 and ATG5 shRNA, or with exogenous shRNA-resistant
BECN1 and BECN1 shRNA were treated with elaiophylin (0.5 uM) as indicated for
24 h. PARP1, SQSTM1, LC3B, ATG5, and BECN1 were detected by western blot.
(E) Analysis of cell death via flow cytometry of cells from Figure 6C and D. Mean *
SEM of at least 3 independent experiments is presented (*P<0.05). (F)
SKOV3-GFP-LC3B cells transfected with control ShRNA, ATG5 shRNA or BECN1
SshRNA, as well as with exogenous shRNA-resistant ATG5 and ATG5 shRNA, or with
exogenous SshRNA-resistant BECN1 and BECN1 shRNA were treated with
elaiophylin (0.5 uM) for 12 h. GFP-LC3B puncta per cell were counted. Data are the

mean + SEM for triplicate samples of at least 100 cells per sample (*P<0.05).
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Figure 7. Elaiophylin inhibits tumor growth in SKOV3 xenografts and orthotopic
implantations. (A) Elaiophylin potently inhibited SKOV3 xenograft tumor growth in
nude mice as a single-agent therapy. SKOV3 cells (5x10°) were injected into the
flanks of each mouse. When the tumors reached 100 mm?, the mice were randomized
into groups of 6 to 8 mice. Mice were given i.p. injections of DMSO or 1 or 2 mg/kg
elaiophylin every 2 d. Data are mean tumor size + SEM at various time points. P
values for comparative analyses between the indicated treatment groups were
calculated via the generalized Mann-Whitney test. Inset bar graphs corresponds to
weight of excised tumors (*P<0.05, ***P<0.001). (B) Average daily tumor growth
rate (*P<0.05, **P<0.01). (C) Paraffin-embedded sections were stained with an
antibody against LC3B and evaluated by the TUNEL assay. Representative photos are
shown (40 X). (D) Quantification of the intensity of LC3B staining as indicated in (C).
Eight individual fields of each slide were randomly selected for evaluation. (E to H)
SKOV3 GFP-LC3B cells were injected into the ovarian bursa of NOD/SCID mice.
(E) Representative images of the development of ovarian tumors in NOD/SCID mice
treated with DMSO or elaiophylin (2 mg/kg) every 2 d. Photos were taken under
visible (white) or fluorescent (GFP) light. (F) Quantification of tumor volumes in (E).
Tumor size was significantly decreased (*P<0.05) in the elaiophylin-treated group
compared with the DMSO-treated group. (G) Corresponding mesenteric metastasis
images in (E). Photos were taken under visible (white) or fluorescent (GFP) light. The

arrows indicate metastatic lesions in the mesentery. (H) Quantification of metastases
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in (G). Elaiophylin-treated mice displayed fewer mesenteric metastases (*P<0.05).
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Figure 8. Inhibition of autophagy by elaiophylin addition sensitizes cells to hypoxia.
(A) Representative immune-staining analysis of PECAM1, HIF1A, and LC3B in
peritoneal metastases from DMSO or elaiophylin (2 mg/kg) treated mice from Fig. 7E.
T indicates tumor and D indicates diaphragm. (B) SKOV3 cells were treated with or
without elaiophylin (0.5 uM) and cultured under normoxic or hypoxic conditions for
12 h. Cells were then harvested for detection of SQSTML1 and LC3B by western blot.
(C and D) SKOV3-GFP-LC3B cells were treated with elaiophylin (0.5 uM) and
cultured under normoxic or hypoxic conditions for 12 h. GFP-LC3B puncta per cell
were counted. Data are the mean £ SEM for triplicate samples of at least 100 cells per
sample (*P<0.05). (E) Cell viability under normoxic and hypoxic conditions after
exposure to elaiophylin for 24 h in SKOV3 cells. Data are the mean + SEM of 3

experiments.
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