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Abstract

Epithelial ovarian cancer (EOC) is a leading cause of death from gynecologic malignancies

and requires new therapeutic strategies to improve clinical outcomes. EOCs metastasize in the
abdominal cavity through dissemination in the peritoneal fluid and ascites, efficiently adapt to the
nutrient-deprived microenvironment, and resist current chemotherapeutic agents. Accumulating
evidence suggests that mitochondrial oxidative phosphorylation is critical for the adaptation

of EOC cells to this otherwise hostile microenvironment. Although chemical mitochondrial
uncouplers can impair mitochondrial functions and thereby target multiple, essential pathways
for cancer cell proliferation, traditional mitochondria uncouplers often cause toxicity that
precludes their clinical application. In this study, we demonstrated that a mitochondrial uncoupler,
specifically 2,5-dichloro- A-(4-nitronaphthalen-1-yl)benzenesulfonamide, hereinafter named Y3,
was an antineoplastic agent in ovarian cancer models. Y3 treatment activated AMP-activated
protein kinase and resulted in the activation of endoplasmic reticulum stress sensors as well as
growth inhibition and apoptosis in ovarian cancer cells in vitro. Y3 was well tolerated /n vivo and
effectively suppressed tumor progression in three mouse models of EOC, and Y3 also induced
immunogenic cell death of cancer cells that involved the release of damage-associated molecular
patterns and the activation of antitumor adaptive immune responses. These findings suggest that
mitochondrial uncouplers hold promise in developing new anticancer therapies that delay tumor
progression and protect ovarian cancer patients against relapse.

Keywords

epithelial ovarian cancer; mitochondrial uncoupler; endoplasmic reticulum stress; unfolded protein
response; immunogenic cell death

Introduction

Epithelial ovarian cancer (EOC) is the most lethal gynecological cancer. Patients often

develop resistance to chemotherapy, which prompts new therapeutic strategies for improving

clinical outcomes (1). While immunotherapy offers promising treatment for many cancers,
clinical trials in EOC have not achieved satisfactory results (2,3). This underscores the
continuing need of new treatments for EOC.

We previously reported that Aaryl benzenesulfonamides functioned as mitochondrial
uncouplers (4). Similar to a classic mitochondrial uncoupler, FCCP (5), they possessed

a hydrophobic substructure and an ionizable, nitrogen-hydrogen bond that participates in
proton translocations. They facilitated proton influx across the mitochondrial membrane
without generating ATP, consequently reducing ATP production, activating AMP-activated
protein kinase (AMPK), and inhibiting the proliferation of colon cancer cells (4).

In this study, we investigated the bioactivity of a leading compound from this family of
N-aryl benzenesulfonamides. This compound named Y3 can induce endoplasmic reticulum
(ER) stress-associated apoptosis of EOC cells. Cellular response to ER stress, also called
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unfolded protein response (UPR), is triggered by accumulation of unfolded proteins in

the ER lumen. UPR initiates the dissociation of ER chaperon protein BIP1 (binding
immunoglobin protein), also known as GRP78 (78kDa glucose-regulated protein), from
three ER stress sensors, activating transcription factor 6 (ATF6), inositol-requiring enzyme
la (IREla), and protein kinase R (PKR)-like endoplasmic reticulum kinase (PERK) (6).
ATF6 translocates to the Golgi and undergoes cleavage to gain transcriptional activity;
IREla induces X-box binding protein 1 (XBP1) mRNA splicing and regulated-IRE1-
dependent decay of mMRNA,; and PERK phosphorylates eukaryotic translation initiation
factor 2A (elF2a) leading to the translation of ATF4. This signaling cascade restores
homeostasis by accelerating protein folding, transport, and degradation. As stress signals
intensify, UPR switches towards activating pro-apoptotic pathways, including PERK-elF2a.-
ATF4-CHOP and IRE1a-TRAF2-ASK1-JNK pathways (7,8).

UPR is essential for the adaptation of cancer cells to rapid growth, hypoxia, nutrition
deprivation, and chemotherapies. In EOC, UPR promotes chemoresistance and inhibits anti-
tumor immune response (9,10). However, irreversible ER stress can cause apoptotic UPR
of cancer cells. ER stress-inducing compounds have been developed as anti-cancer agents
(11). Bortezomib (a proteasome inhibitor), IPI1-504 (a heat shock protein 90 inhibitor),

and tunicamycin (a glycosylation inhibitor) increase misfolded proteins and create severe
ER stress (12-14). Thapsigargin (an ER calcium pump inhibitor), GSK2606414 (a PERK
inhibitor), and IT-139 (a BIP1 inhibitor) directly inhibit components of the UPR pathway
(15-17). The challenges of these approaches lie in the almost obvious finding that excessive
ER stress also causes toxicity to normal cells. New approaches must selectively target UPR
in cancer cells without damaging normal cells.

Clinical agents that induce ER stress can induce immunogenic cell death (ICD) of cancer
cells, including doxorubicin (18), bortezomib (19), mitoxantrone (20), and oxaliplatin

(21). During ICD, the dying cancer cells release a spatiotemporally defined set of damage-
associated molecular patterns (DAMPS) that are recognized by the innate immune cells,
such as dendritic cells (DC). ICD can promote DC maturation and antigen processing or
presentation (22,23) and thereby elicit tumor antigen-specific adaptive immune response
(24). DAMPs include cell-surface exposure of endoplasmic reticulum chaperone calreticulin
(CALR), secretion of extracellular ATP, and the release of high mobility group box 1
(HMGB1) protein (23,25,26). We demonstrated that Y3 functioned as an antineoplastic ER
stress inducer with ICD-inducing activity in EOC /n vitroand in vivo models.

Y3 and Y3-M were synthesized as previously reported (4). Details of compounds (Y3,
Y3-M, A-769662, AICAR, and 4u8c), primers and antibodies used in this study are all listed
in the supplemental information.
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EOC cell lines were provided by Dr. Anirban Mitra (Indiana University School of Medicine)
or obtained from ATCC (ATCC, VA, USA). Patient-derived EOC cell lines were isolated
from tumor samples of patients diagnosed with serous epithelial ovarian cancer. They were
characterized previously (27,28) and provided by Dr. Gil Mor and Dr. Alessandro Santin
(‘Yale University School of Medicine). This study was conducted in accordance with the
standards of Institute Research Ethics Committee of Yale University. FT240 and FT246
(29) were provided by Dr. Ronny Drapkin (University of Pennsylvania). Cell lines were
propagated in RPMI 1640 or DMEM/F12 medium (Life Technologies, Grand Island, NY)
containing 10% fetal bovine serum (Seradigm, Radnor, PA) and penicillin/streptomycin
(Life Technologies). Cells were maintained at 37°C and 5% CO», authenticated by short
tandem repeat DNA profiling, and tested for mycoplasma contamination.

Seahorse assay

Cells were treated in Seahorse XF modified media with 25 mM glucose, 1 mM pyruvate,

1 uM oligomycin A, 1 uM FCCP, and a mixture of 1 uM rotenone and 1 pM antimycin

A in standard mitochondrial stress test conditions. ATP production rate was analyzed using
Seahorse XF Real-Time ATP Rate Assay (Agilent, Santa Clara, CA).

Cell viability assay

Cells were plated at the concentration of 3,000 cells/well in 96-well plates 24 h before the
treatments. After 48-h treatment cell viability was determined using CellTiter-Glo reagent
and a GloMax Navigator Microplate Luminometer (Promega, Madison, WI).

Flow cytometry analysis of p-S6, AnnexinV/ Propidium lodide (PI), and CALR

Cells were fixed in 4% formaldehyde for 15 min at room temperature (RT) and
permeabilized in ice-cold 100% methanol for 30 min. Cells were resuspended and incubated
in 100 pL incubation buffer (0.5% bovine serum albumin in PBS) containing Alexa Fluor
488-conjugated anti-p-S6 ribosomal protein antibody (Cell Signaling Technology, Danvers,
MA) for 1 h at RT. The apoptotic cell population was assessed using Annexin V-fluorescein
isothiocyanate (FITC)/PI propidium iodide (P1) Apoptosis Detection kit (Cell Signaling
Technology). Annexin V-binding buffer containing Annexin V-FITC Conjugate and PI (1
pl: 12.5 pl per 200 pl) were used to resuspend 10° cells. Samples were incubated on ice

for 10 min followed by flow cytometry analysis. To detect cell-surface CALR, cells were
incubated on ice for 45 min with anti-CALR antibody or isotype control antibody diluted in
cold incubation buffer followed by washing and flow cytometry analysis.

Mitochondrial membrane potential assays

Mitochondrial membrane potential was evaluated using Mitochondrial Membrane Potential
Assay Kits (1) and (1) (Cell Signaling Technology). Cells were resuspended in PBS at

108 cells/mL. Tetraethylbenzimidazolylcarbocyanine iodide (JC-1) was added to a final
concentration of 2 uM. Tetramethylrhodamine, ethyl ester (TMRE) was added to a final
concentration of 200 nM. For both assays, cells were incubated at 37°C for 20 min before
flow cytometry analysis.
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Caspase-3 and caspase-9 activity assays

Caspase-3 or caspase-9 activity was evaluated using Caspase-Glo 3/7 Assay kit or Caspase-
Glo 9 Assay kit (Promega). Protein lysate (10 ug) was diluted to a final volume of 50 L.
An equal volume of Caspase-Glo 3/7 or Caspase-Glo 9 Reagent was added to the lysate
and incubated at room temperature for 1 h before they were recorded using a Navigator
Microplate Luminometer.

Quantitative real-time PCR (QPCR) and XBP1 mRNA splicing PCR

Total RNA was extracted using Total RNA Purification Kit (Norgen Biotek, Thorold, ON,
Canada). cDNA was synthesized with gScript cDNA SuperMix Kit (Quantabio, Beverly,
MA). Quantitative PCR was performed using SYBR Green Supermix (Bio-Rad, Hercules,
CA) and CFX Connect QPCR detection system (Bio-Rad). GAPDH was used as a reference
gene. Relative expression was calculated using the comparative AACT method. All reactions
were performed with three biological replicates. Each replicate included three technical
replicates. PCR reactions for the detection of XBP1 mRNA splicing were conducted under
the following conditions with Taqg DNA polymerase (Qiagen, Hilden, Germany): 94°C for 2
min; 35 cycles of 98°C for 30 sec, 52°C for 30 sec, and 72°C for 60 sec; and 72°C for 10
min. The amplified DNA fragments representing spliced and unspliced XBP1 (289 bp and
263 bp, respectively) were visualized on 4% agarose gels with ethidium bromide staining.

Western blotting

Cell lysates were prepared with cell lysis buffer (1% Triton X-100, 0.05% SDS, 100

mM Nay,HPO4, and 150 mM NaCl). Protein lysate was electrophoresed on a 12% SDS-
polyacrylamide gel and transferred onto Amersham Hybond 0.45 PVVDF membranes (GE
Healthcare, Chicago, IL). After blocking with 5% non-fat milk in PBS-0.05% Tween 20, the
membranes were incubated with primary antibodies at 4°C overnight, and then secondary
antibodies for 1 h at room temperature. The blots were developed using Clarity or Clarity
Max Western ECL Blotting Substrates (Bio-Rad).

Gene knockdown by siRNA, esiRNA, or GapmeR

siRNAs and esiRNAs were transfected using Lipofectamine RNAIMAX (Life
Technologies, Carlshad, CA). siRNAs and esiRNAs (Millipore-Sigma, Woodlands,

TX) include the validated negative control siRNA (#SI1C001), siRNAs targeting

PERK (#SASI_Hs01 00096846 and #SASI_Hs01_00096846), siRNAs targeting AMPKal
(#SASI_Hs01 00092447), control esiRNA targeting EGFP (ESIRNA1-EHUEGFP) and
esiRNA targeting BIP1 (ESIRNA1-EHU003061). GapmeRs targeting AMPKal and the
negative control GapmeR (#LG00227216-DDA and LG00000002-DDA, Qiagen) were
delivered to cells via gymnosis following the manufacturer’s instruction.

Co-immunoprecipitation (co-IP) assay

Co-IP was conducted using SureBeads Protein G Magnetic Beads (Bio-Rad). One g of
antibody was first linked to 100 pL beads for 10 min at room temperature. Cell lysate was
added to the beads and incubated for 1 h at room temperature on a rotator. After the beads
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were washed three times with PBST, the IP product was eluted using 40 pL Laemmli buffer
by incubating at 70°C for 10 min.

In vivo tumorigenic assays

Animal experiments were approved by the Yale University Institutional Animal Care and
Use Committee. A patient-derived EOC cell line OVCL1 labeled with red fluorescence
protein (RFP) was intraperitoneally injected (3 x 106 cells/mouse) into Hsd:Athymic Nude-
FoxnI™ mice as previously described (28). Y3 was dissolved in polyethylene glycol (PEG)/
DMSO/saline (7:2:1) vehicle and intraperitoneally injected as 20 mg/kg, the highest safe
dose of Y3 in nude mice, twice per week starting from three days after the injection of
cancer cells. Mice in the control group were injected with vehicle solution. Tumor growth
was monitored using Spectrum In Vivo Imaging System (PerkinElimer, Waltham, MA). ID8
mouse ovarian cancer cell line (30) was IP injected to C57BL/6 mice (6 x 108 cells/mouse).
Twenty-one days after injecting cells, Y3 was IP injected to mice twice per week. The
Maximum Tolerated Dose (MTD) of IP-injected Y3 in the C57BL6 mice is 10 mg/kg. We
used half of this MTD and IP injected 5 mg/kg Y3 in C57BL6 mice. The control group
mice were injected with vehicle solution. Abdominal circumference was measured using a
measuring tape. Tumors in the peritoneal cavity were collected during necropsy to calculate
the numbers of intraperitoneal tumors. The organs with tumors and the total weight of
tumors from each mouse were documented. Mouse ovarian cancer cell line was derived
from tumors formed in Dicer1oxX/flox_pgapflox/flox_ Tp,53LSL-RJ72H/+ Amprocre’* triple mutant
mice (31,32) and labeled with lentiviral RFP vector. The triple mutant ovarian cancer cells
(TKO cells) were injected subcutaneously (SC) into the flank of C57BL/6 mice (6 x 10°
cells/mouse). Y3 was IP injected (5 mg/kg) to mice once per week after the tumors reached
detectable size. Mice in the control group were injected with vehicle solution. Tumors

were measured with a vernier caliper every three days. Mice were euthanized to collect

the xenografts. In the control group of the vaccination assay, each mouse was SC injected
with 10° necrotic TKO cells that were frozen and thawed in liquid nitrogen and at 37°C.
The same numbers of TKO cells were treated with 10uM Y3 /n vitro for 24 h before they
were SC injected to the left flank of C57BL/6 mice. One week later, normal live TKO cells
were injected to the contralateral flank of all the mice (6 x 10° cells/mouse). Tumors were
measured with a vernier caliper every three days.

Immunofluorescence staining

The formalin-fixed paraffin-embedded tumor tissue sections were deparaffinized and
hydrated by three washes of xylene for 5 min each, two washes of 100% ethanol for ten
min each, two washes of 95% ethanol for 10 min each, and two washes with water for 5
min each. Slides were heated in 1X citrate unmasking solution (10mM Citric Acid, 0.05%
Tween 20, pH 6.0) in a steam cooker for ten min at 95-98°C. After cooling, the slides were
incubated in blocking buffer (5% normal serum and 0.3% Triton X-100 in 1X PBS) for 60
min and then in primary antibody in antibody dilution buffer (1% BSA and 0.3% Triton
X-100 in 1X PBS) overnight at 4°C. After rinsing three times in 1X PBS for 5 min each,
the slides were incubated with fluorochrome-conjugated secondary antibody diluted for 1 h
at RT in the dark. Prolong Gold Antifade Reagent with DAPI was used to mount the slides
(Cell Signaling Technology).
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Blood cell counts

Blood was collected from the venous sinus of mice. White blood cell count and platelet
count were assessed as previously described (33,34)

Detection of urea nitrogen, creatinine, and HMGBL1 in fluid samples

Blood urea kit (MyBioSource, San Diego, CA, USA) was used to evaluate the levels of
urea in plasma samples. Urinary creatinine colorimetric assay kit (Cayman, Ann Arbor,
MI, USA) was used to detected creatinine in mouse urine samples that were collected
as previously described (35). HMGBL1 in cell culture medium was determined using a
chemiluminescence ELISA kit (Novus, Centennial, CO, USA).

Multiplex cytokine assay

Plasma samples were shipped to Eve Technologies on dry ice (Calgary, AB, Canada) for
analyses using a Multiplexing LASER Bead Assay (Mouse Cytokine Array/Chemokine
Array 31-Plex, Eve Technologies).

Extracellular ATP detection assay

The supernatant of cell culture medium was collected and mixed with RealTime-Glo
Extracellular ATP Assay Reagent (Promega) to incubate for ten min. The luminescent signal
was detected using the GloMax Navigator Microplate Luminometer (Promega).

Statistical analysis

Prism 7 (GraphPad Software, La Jolla, CA) was used to perform statistical analyses.

An unbiased elimination of outliers was performed using ROUT’s method. Statistical
differences between two groups were analyzed using Student’s t-test. One-way or two-way
ANOVA tests were used compare multiple treatment groups depending on the experimental
design. *P < 0.05 was considered significantly different.

Results

Mitochondrial uncoupler Y3 inhibited EOC cell proliferation and induced apoptosis.

We previously reported a family of Ataryl benzenesulfonamides with mitochondrial
uncoupling activity (4). We confirmed this function of a leading compound, namely Y3

in an EOC cell line, OVCARS, in a Seahorse assay. Y3 increased the oxygen consumption
rate that was otherwise inhibited by oligomycin, a finding consistent with reduced electron
transport and phosphorylation uncoupling (Figure 1A). The N-methylated analog of Y3,
namely Y3-M (Figure 1A) was inactive as an uncoupler. This finding established that the
nitrogen-hydrogen bond of the sulfonamide subunit of Y3 was essential for its activity and
the inactivity of the nitrogen-methyl subunit in Y3-M was consistent with our previous
observations in colon cancer cells (4).

Y 3-treatment (10 uM for 48 h) induced unhealthy morphologies in EOC cells (Figure
1B) and reduced the viability of two common EOC cell lines, A2780 and OVCARS, and
the patient-derived EOC cell lines, OVC201, OVC303, OVC205, and KRCH31 (Figure
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1C). We used the immortalized noncancerous fallopian tube cell lines, FT240 and FT246
(29), as normal counterpart controls since fallopian tube epithelial cells were previously
identified as a main origin of high-grade serous ovarian carcinoma, the most common type
of EOC (36,37). The Y3-treated FT240 and FT246 cells did not change their morphologies
(Figure 1B) and had I1C50 values of 52.93 uM and 67.33 UM, respectively (Figure 1C and
Supplemental Table 1), suggesting that they were more resistant to Y3 treatment than the
EOC cell lines, A2780, OVCARS8, OVC201, OVC303, OVC205, and KRCH31, with 1C50
values of 4.379 uM, 9.643 uM, 4.632 uM, 7.014 uM, 15.44 uM, and 14.84 uM, respectively
(Supplemental Table 1).

To characterize the effects of Y3 on EOC cells, we quantified the level of phosphorylated
ribosomal protein S6 (p-S6) that is required for protein synthesis and cell growth as a cell
proliferation marker (38). Y3 treatment significantly lowered the levels of p-S6 in EOC cells
in comparison with the untreated controls (Figure 1D). Secondly, we demonstrated that 24h
Y 3-treatment increased the AnnexinV+ apoptotic cell populations in EOC cell lines, but
not in FT240 and FT246 cells (Figure 1E). Thirdly, we detected the activation of caspase-3
in A2780 and KRCH31 cells after 48h Y 3-treatment, and the caspase-3 activity of FT240
and FT246 cells was not affected by Y 3-treatment (Figure 1F). Finally, using JC-1 and
TMRE staining we assessed mitochondrial membrane potential (Ayp,) and showed that 24h
Y3-treatment (10 uM) caused a substantial loss of Ay, in EOC cell lines, but not in FT240
and FT246 cells (Figure 1G). Taken together, Y3 treatment induced apoptosis and inhibited
proliferation in EOC cells but not in FT240 and FT246 noncancerous cell lines.

Y3 activated three main ER stress sensors in EOC cells.

We identified the UPR pathway as one of the major altered pathways in Y 3-treated EOC
cells using RNA microarrays (Supplemental Tables 2 and 3). Using real-time QPCR in
EOC cells lines, we confirmed the induction of UPR genes by Y3-treatment (10 uM for 24
h, Figure 2A). Among these genes, CHOP (C/EBP-Homologous Protein or DNA Damage
Inducible Transcript 3), GADD34 (Growth Arrest And DNA-Damage-Inducible protein
34) and PUMA (p53 Upregulated Modulator of Apoptosis) are genes that mediate the ER
stress-induced apoptosis. We also confirmed the downregulation of PCNA (Proliferating
Cell Nuclear Antigen) mRNA by Y 3-treatment (Figure 2A and Supplemental Table 3).
The Y3-induced changes of BAK, BIP1, and PERK mRNA levels were not statistically
significant. In a time-course experiment, we detected the induction of UPR genes as early as
four hours after initiating Y3 treatment in A2780 cells followed by the decrease of PCNA
mRNA at a later time point (Figure 2B), suggesting that ER activation was triggered as an
early responding event.

Y3 induced XBP1 mRNA splicing in EOC cells (Figure 2C), indicating the activation of
IREla. The same treatment also increased the levels of phosphorylated elF2a (Figure 2D),
a downstream target of PERK. To examine the effect of Y3 on ATF6 protein expression
using western blot, we detected full-length ATF6 protein in the untreated EOC cells but did
not detect cleaved ATF6 in any sample (Figure 2E). We used another anti-ATF6 antibody
to confirm the result. The second anti-ATF6 antibody detected both full-length and cleaved
ATF6 in the untreated cells. Both forms of ATF6 were significantly downregulated by 24
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h Y 3-treatment (Figure 2E). These results suggest that Y3 treatment affected the protein
stability and function of ATF6. Finally, we performed co-immunoprecipitation (co-IP) using
cell lysate collected after six-hour Y3 treatment. At this early time point, the full-length
ATF6 was not yet downregulated. Our result demonstrated the dissociation of BIP1 from
IREla, PERK, and ATF6 (Figure 2F). In conclusion, Y3 induced UPR in EOC cells.

UPR pathway was involved in the anti-cancer activity of Y3.

To confirm the involvement of UPR pathway, we determined how the inhibition of
components in UPR pathway affected the activity of Y3. We inhibited the IRE1a arm

of UPR pathway using an IRE1 inhibitor, 4u8c. Treatment of 4u8c completely blocked Y3
from inducing XBP1 mRNA splicing (Figure 2G). In the absence of 4u8c, Y3 treatment
caused p-S6 positive OVC201 cells to decrease from 76.6+8.7% to 46.9+11.2% (Figure 2H).
In the presence of 4u8c, 64.1+7.1% of Y 3-treated cells were p-S6 positive, which was not
statistically different from the untreated group or 4u8c alone treated group (Figure 2H).

The inhibition of IRE1la attenuated the activity of Y3 to downregulate p-S6. Secondly, we
knocked down PERK expression with two siRNAs (Figure 21). These siRNAs attenuated the
cytotoxic effect of Y3 and increased the viability of Y3-treated A2780 cells (Figure 2J). This
result suggested that PERK also played an important role in Y3-mediated cellular changes.
Finally, we discovered that EOC cell lines expressing high levels of BIP1 (OVC201,
OVC303, A2780 and OVCARS) were more sensitive to Y3 treatment than those expressing
lower levels of BIP1 (OVC203, OVC205, and SKOV3) and noncancerous cell lines (FT240
and FT246, Figure 2K). We knocked down BIP1 expression with esiRNAs (Figure 2L)
comprised of a heterogeneous pool of siRNAs targeting the same gene. They led to highly
specific and effective gene knockdowns with lower off-target effects than single chemically
synthesized siRNA (39). BIP1 knockdown reduced the sensitivity of A2780 and KRCH31
to Y3 treatment (Figure 2M). These results support our observation (Figure 2K) that BIP1
levels can correlate with sensitivity or resistance to Y3. Our results support that components
of the UPR pathway played critical roles in the activity of Y3.

Y3 induced UPR through AMPK activation.

AMPK pathway responses to ATP reduction (4) and Y3 induced AMPK phosphorylation
(p-AMPK) in EOC cells (Figure 3A). We found that small-molecule activators of AMPK,
A-769662 and AICAR, induced elF2a phosphorylation and XBP1 mRNA splicing (Figure
3B). When we inhibited the upregulation of p-AMPK using an siRNA targeting AMPKal,
the Y3-induced elF2a phosphorylation and XBP1 mRNA splicing were suppressed (Figure
3C). We validated this result using a GapmeR (40) that is a locked nucleic acid-conjugated
chimeric single-strand antisense oligonucleotide specifically silencing AMPKal (Figure
3D). When AMPK was inhibited by siRNA or GapmeR, the viability of A2780 cells was
increased under Y3 treatment (0.5-4 M) when compared to the cells expressing negative
control siRNA or GapmeR (Figure 3E and 3F). These results demonstrate that the activation
of AMPK was upstream of Y 3-induced UPR, and AMPK activation contributed to inducing
apoptosis and inhibiting proliferation of Y 3-treated cells.
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Y3 suppressed ovarian cancer progression and was well tolerated in vivo

We first evaluated the /n vivo efficacy of Y3 in a patient-derived xenograft (PDX) EOC
model. Intraperitoneally (IP) injected-Y3 (20 mg/kg) suppressed tumor growth (Figure 4A
and 4B). When we compared tumors from Y 3-treated and control mice, we found that the
Y 3-treated group had lower overall tumor weight (Figure 4C) and fewer tumors (Figure 4D).
Y 3-treated tumors showed significantly higher levels of caspase-9 and 3 activities (Figure
4E), indicating that Y3 induced apoptosis in these tumors. Y3 treatment also increased the
expression of UPR genes in the tumors, including the spliced XBP1, BIP1, PERK, and
PUMA (Figure 4F). Immunostaining of tumor tissue sections showed that Y3 treatment
significantly decreased the levels of Ki67-positive proliferating cells (Figure 4G), increased
the levels of CHOP staining (Figure 4H), and caused tumors to develop large necrotic areas
(Figure 4l), again demonstrating the activation of ER stress-induced apoptosis.

Histopathology analysis of the livers and kidneys of Y3-treated mice did not reveal
morphological damages that can cause hepatotoxicity or nephrotoxicity (Figure 41). Y3
treatment did not cause differences in the body weight (Figure 4J), white blood cell count
(Figure 4K), platelet count (Figure 4L), blood urea nitrogen level (Figure 4M), or urine
creatinine level (Figure 4N) in comparison with untreated mice. Taken together, our data
suggests that Y3 suppressed tumor growth in this EOC mouse model without significant
side-effects.

Y3 induced immunogenic cell death of ovarian cancer cells

We evaluated Y3 in two immunocompetent syngeneic mouse EOC models. The first model
was generated by IP injection of ID8 mouse ovarian cancer cells into C57BL/6 mice. IP
injection of Y3 at a dose of 5 mg/kg did not affect body weight (Figure 5A) or cause
damage to the livers or kidneys of Y 3-treated mice (Figure 5B). Mice in this model usually
develop widespread peritoneal tumors and ascites causing distended abdomens; therefore,
we monitored their abdominal circumferences and demonstrated the effect of Y3 treatment
in delaying the accumulation of ascites (Figure 5C). This treatment improved the survival of
Y 3-treated mice (Figure 5D). A closer examination of their abdominal organs showed that
Y3 treatment significantly decreased the numbers of peritoneal tumor implants and organs
with tumors (Figure 5E, 5F, 5G, and Supplemental Table 4). The overall tumor weight was
significantly lower in the Y3-treated mice (Figure 5H). H&E staining of tumor sections
revealed that in contrast to the typical intact cancer cell structure with distinct nuclei and

a thin uniform cytoplasmic rim around each individual cell in control tumors, Y 3-treated
tumors showed a nonuniform thickened rim of cytoplasm around damaged nuclei and
significant structural collapse and deformity in tissues (Figure 5I). Y3-treated tumors also
had significantly decreased percentages of Ki67-positive cells and increased percentages of
tumor-infiltrating CD4* and CD8* T cells in comparison with the control tumors (Figure 5J
and 5K).

In the second syngeneic mouse model, we subcutaneously (SC) injected p53-Dicer-Pten
triple-mutant (TKO) mouse EOC cells (31) into C57BL/6 mice. Weekly Y3 IP injection (5
mg/kg) effectively inhibited tumor growth (Figure 6A and 6B). Using multiplex array, we
assessed the plasma levels of 31 cytokines of these mice and identified that Y3 upregulated
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the levels of Cxcl1, 11-6, 11-5, 1I-4 and G-CSF in tumor-bearing mice 12 days after initiating
Y3 treatment comparing to the untreated mice (Figure 6C). Y3 treatment did not affect
these cytokines the same way in healthy mice without tumor cell inoculation. This result
suggested that the cytokine production was a response specific to the Y 3-treated tumors.
The release of these cytokines was associated with immunogenic cell death (ICD) and the
activation of antitumor immune response (Supplemental references). Furthermore, the level
of IL-17 in blood was lower in the Y 3-treated tumor-bearing mice than the untreated group.
The inhibition of IL-17 also was known to enhance adaptive immune response against
tumors (41). Together with data from the ID8 mouse model, this result led us to hypothesize
that Y3 treatment induced ICD of EOC cells.

We utilized a vaccination assay to determine whether Y3 could induce ICD /n vivo. In

the control group, we vaccinated C57BL/6 mice by SC injecting necrotic TKO cells that
were killed by repeatedly freezing and thawing into their left flank. In the test group, we
vaccinated the mice by SC injecting Y 3-treated TKO cells (10 uM for 24 h). One week
after vaccination, we injected untreated live TKO cells into their right flank (Figure 6D).
Tumor growth in the right flank was suppressed in the mice vaccinated with Y 3-treated cells
(Figure 6D and 6E).

To test our hypothesis in human cells, we examined whether Y3 induced human EOC

cells to release DAMPs that were critical markers for ICD. First, we detected a dose-
dependent increase of HMGB1 protein in cell culture medium of Y3-treated A2780 cells
via immunoprecipitation and western blot of HMGB1 (Figure 6F), which was confirmed by
HMGB1 ELISA (Figure 6G). We also observed a dose-dependent decrease of intracellular
HMGB1 (Figure 6F). Second, Y3 treatment induced the secretion of extracellular ATP
(Figure 6H). Finally, we detected increased levels of CALR on the surface of Y 3-treated
EOC cells using flow cytometry (Figure 61). Our findings demonstrated the ability of Y3 to
induce the emission of DAMPs in human EOC cells.

Discussion

This study demonstrated the anti-cancer activity of Y3 in ovarian cancer models. We
provided evidence that Y3 activated AMPK and UPR pathways in EOC cells in addition

to inducing ICD and the release of DAMPs. The tumor-suppressing activity and minimal
to nonexistent toxicity of Y3 /n vivo demonstrated its therapeutic potential. Chemical
uncouplers modulate multiple pathways to induce apoptosis of cancer cells and suppress
tumor progression. Among them, AMPK is activated by the reduced ATP production
(Supplemental references). Our data provided evidence that mitochondrial uncoupling
triggered UPR through the activation of AMPK. Crosstalk between the AMPK and UPR
pathway was implicated to play a critical role in cancer and metabolic diseases, however,
the mechanism is unclear. Honokiol, a natural polyphenol isolated from the genus Magnolia,
is an ER stress inducer that also activated AMPK to inhibit the growth of melanoma cells
(42,43). Metformin and phenformin were identified as AMPK activators that also mediated
UPR (44,45). Using Y3 and ovarian cancer cells, we have identified that the effects on
AMPK were upstream of UPR.
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The UPR is a crucial adaptive mechanism of cancer cells. Therapeutic agents that inhibit
pro-survival UPR and/or induce apoptotic UPR provide promising treatments to suppress
tumor progression. Besides common ER stress inducers, a growing number of anticancer
compounds were linked to ER-mediated apoptosis through molecular mechanisms that lack
complete knowledge, including compounds such as dihyfroartemisinin, diindolylmethane,
versipelostatin, and vorinostat (Supplemental references). The molecular mechanisms of
how ER stress elicits apoptosis are not fully understood. Our study on Y3 identified a new
approach to induce ER stress-associated cell death in cancer cells through mitochondrial
uncoupling. The low toxicity of Y3 in noncancerous cells and 7 vivo suggests its
therapeutic potential.

Y3 is more effective in cancer cells that express higher levels of BIP1 than cells with

low levels of BIP1. BIP1 is an anti-apoptotic central regulator of ER membrane signaling
molecules. It enhances cell survival and drug-resistance (46,47). BIP1 is overexpressed by
cancer stem cells in ovarian, breast, and head and neck cancers (Supplemental references).
Our findings indicate the ability of Y3 to target drug-resistant cells and cancer stem cells in
which the level of BIP1 expression can be used to predict the response to Y3 treatment.

The tumor microenvironment blocks the maturation and function of antigen presenting cells
and suppresses the activation of tumor-specific cytotoxic T cells (48). Y3 has the potential
to enhance adaptive antitumor immune response by inducing ICD. The activation of UPR

is a known key denominator for ICD induction (49). UPR, in particular the PERK arm of
the pathway, is critical for the ICD-derived emission of DAMPs (Supplemental references).
Among the Y3-induced DAMPs, ATP binds to P2Y2/P2X7 receptors on innate immune
cells, CALR binds to CD91 receptor on phagocytes, and HMGB1 binds to TLR2 and TLR4
on DCs (Supplemental references). These DAMPs stimulate pro-inflammatory cytokine
production, the engulfing of dying cancer cells, and antigen presentation (Supplemental
references). Y3 treatment stimulates the release of DAMPs and potentially helps to present
tumor antigens to CD4* and CD8* T lymphocytes and to enable the adaptive immune
response. This was supported by our observation that Y3 treatment eliminated tumors in
immunocompetent mice and established immunological memory in the /n vivo vaccination
assay. Since mitochondria and UPR pathway are essential for the cellular functions of
immune cells, future studies on how Y3 treatment directly affects immune cells will advance
the development of mitochondria-targeting compounds as therapeutic agents.

Mitochondrial uncouplers have therapeutic potential; however, this potential requires that
we address the challenge of developing selective uncouplers for cancer cells versus normal
cells. Our findings suggest that these challenges are within our grasp in part because Y3
dispayed little to no toxicity in mouse models. The results of Y3 toxicity evaluation in the
mouse models were promising. The next step towards the clinical translation of Y3 and its
analogs requires the characterization of their pharmacokinetics and bioavailability as well
as a complete toxicity assessment. Chemical modification and preclinical /n vivo evaluation
are also necessary to achieve optimal bioactivity with minimal off-target toxicity. Our
research into these compounds will contribute to the development of anticancer therapies
that eliminate cancer cells and provide long-term protection against relapse.
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Figure. 1. Y3 induces apoptosis and inhibits proliferation of EOC cells.
A, Chemical structure of Y3/Y3-M and the oxygen consumption rate (OCR) of OVCARS8

cells. The final concentration of Y3 or Y3-M was 3uM. B, Morphology of 10 uM Y 3-treated
and untreated EOC cell lines. Scale bar =200 um. C, Cell viability of Y3 treated cells. Two-
way ANOVA followed by Sidak HSD test, n=5, *P<0.005. D, p-S6 flow cytometry analysis.
Cancer cells were treated with 10 uM Y3 for 24 hs. MFI, median fluorescence intensity.
Two-way ANOVA followed by Sidak HSD test, n=3, *P<0.05. E, AnnexinV-FITC/PI flow
cytometry analysis. Cancer cells were treated with 10 uM Y3 for 24 h. Two-way ANOVA
followed by Sidak HSD test, n=3, * P<0.05. The connecting lines indicate the paired data
points that were generated from one experiment. F, Caspase-3 activity of EOC cell lines
treated with 10 pM Y3 for 48 h. One-way ANOVA followed by Tukey’s HSD test, n=4,
*P<0.05, ***p<0.0005, and #p<0.0001. G, Histograms of flow cytometry analysis in EOC
cell lines stained with JC-1 or TMRE. The staining-positive cell populations were labeled
with marker 1 (M1).
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Figure 2. Y3 treatment induces UPR in EOC cells.
A, RT-QPCR of UPR genes in EOC cell lines. Cells were treated with 10 pM Y3 for 24 h.

GAPDH was used as a house-keeping gene. Two-way ANOVA followed by Sidak HSD test,
n=3, *P<0.05, **P<0.005, ***P<0.0005, ****P<0.0001. B, RT-QPCR of UPR target genes
in A2780 cells at different time points of Y3 treatment. A2780 cells were treated with 10
UM Y3. Two-way ANOVA followed by Sidak HSD test, n=3, *P<0.05. C, XBP1 mRNA
splicing analyzed by RT-PCR and agarose gel. EOC cells were treated by 10 uM Y3 for 24
h. U, unspliced. S, spliced. D, Y3 treatment (10 uM, 24h) induces elF2a phosphorylation.
GAPDH was used as a loading control. E, Y3 treatment (10 uM, 24h) induces ATF6
cleavage. B-actin was used as a loading control. F, Co-IP of BIP1, PERK, ATF6, and IREla.
A2780 cells were treated with 10 uM Y3 for 6 h. G, XBP1 mRNA splicing analyzed by
RT-PCR and agarose gel. 4p8c inhibits Y 3-induced XBP1 mRNA splicing. A2780 cells are
treated by 10 uM Y3 and/or 10 uM 4u8c for 24 h. H, Flow cytometry analysis of p-S6.
A2780 cells are treated by 10 uM Y3 and/or 10 uM 4u8c for 24 h. Two-way ANOVA
followed by Sidak HSD test, n=3, **P<0.005. I, Western blot images of PERK protein
knocked down by two siRNAs (#1 and #2). GAPDH was used as a loading control. J,
PERK siRNAs inhibit the response of A2780 cells to Y 3. Two-way ANOVA followed by
Sidak HSD test, n=6, #P<0.0001. K, BIP1 protein level is associated with sensitivity to Y3.
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Student’s t-test, *P<0.05. B-actin was used as a loading control. L, BIP1-targeting esiRNAS
inhibit the expression of BIP1 in A2780 and KRCH31 cells. The negative control esiRNAs
target GFP. GAPDH was used as a loading control. M, BIP1-targeting esiRNA inhibits the
response of A2780 and KRCH31 cells to Y3. Two-way ANOVA followed by Sidak HSD
test, n=6, ***P<0.0005 and #P<0.0001 for comparisons between Y 3-treated and untreated
groups at the indicated concentrations. P values for the comparisons between the entire
control and knockdown groups were indicated in the legend.
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Figure 3. Y3 induces UPR through activating AMPK in EOC cells.
A, Representative images of western blot. Y3 induced AMPK phosphorylation in ovarian

cancer cells. p-AMPK, phosphorylated AMPK. AMPK, total AMPK. GAPDH was used as
a loading control. B, Representative images of western blot and agarose gel electrophoresis.
A2780 cells were treated with AMPK activators A-769662 (10 uM) or AICAR (1 mM) for
24 h. Whole cell lysate was analyzed with western blot. The splicing of XBP1 mRNA was
analyzed by RT-PCR and agarose gel electrophoresis. U, unspliced. S, spliced. GAPDH was
used as a loading control. C, AMPK siRNA knocks down AMPK expression and inhibits
Y3-induced elF2a phosphorylation and XBP1 mRNA splicing. U, unspliced. S, spliced.
GAPDH was used as a loading control. D, AMPK GapmeR knocks down AMPK expression
and inhibits Y 3-induced elF2a phosphorylation and XBP1 mRNA splicing. U, unspliced. S,
spliced. GAPDH was used as a loading control. E and F, AMPK siRNA (E) and GapmeR
(F) partially inhibit the response of A2780 cells to Y3. Two-way ANOVA followed by Sidak
HSD test, n=5, p values for the comparisons between the entire control and knockdown
groups as indicated in the graph. *P<0.05 and **P<0.005 for comparisons between control
and knockdown groups at the indicated concentrations.
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Figure 4. Y3 suppresses EOC progression in nude mice.
A, Live imaging of red fluorescence protein (RFP) of tumors in nude mice. B, Tumor

growth curves based on RFP signals. Normalized tumor fluorescence signal was calculated
as the fluorescence signal relative to signal of the tumor on the first day of imaging.
Two-way ANOVA followed by Sidak HSD test, *P<0.05, ***P<0.0005, #P<0.0001. C,
Tumor weight. Student’s t-test, **P<0.005. D, Numbers of tumors in each mouse. Student’s
t-test, **P<0.005. E, Caspase-9 and caspase-3 activity in tumor protein lysate. Student’s
t-test, **P<0.005, ***P<0.0005. F, Expression of spliced XBP1 mRNA, PERK, BIP1

and PUMA in mouse ovarian cancer xenografts. The levels of mMRNA are assessed with
RT-QPCR. GAPDH is used as a housekeeping gene. Student’s t-test, *P<0.05, **P<0.005,
***pP<(.0005, #P<0.0001. G, Ki67 staining and quantification of fluorescence positive cells
in tumors from nude mice. DAPI was used to stain nuclear DNA. Scale bar = 40 pm.
Student’s t-test, #P<0.0001. H, CHOP staining and quantification of fluorescence positive
cells in tumors from nude mice. Scale bar = 35 um. Student’s t-test, #P<0.0001. I, H&E
staining of tumor, kidney, and liver tissues from the untreated control and Y 3-treated nude
mice. J, Y3 does not affect body weight of nude mice. K, White blood cell (WBC) count
of control and Y 3-treated nude mice. L, Platelet count of control and Y3-treated mice. M,
Blood urea nitrogen of control and Y 3-treated mice assessed by ELISA. N, Urine creatinine
of control and Y 3-treated mice. N.S., not significant for student’s t-test.
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Figure 5. Y3 inhibits tumor development in ID8 syngeneic mouse EOC model.
A, Y3 does not affect body weight of wild type C57/BL6 mice. B, H&E staining of

kidneys and livers from C57/BL6 mice. C, Y3 delayed abdominal distension in mice, a
sign of accumulation of ascites. D, Y3 improved the survival of mice injected with ID8
mouse ovarian cancer cells. E, Representative images of peritoneal tumors in control and
Y3-treated mice. F, Total tumor numbers. Student’s t-test, ****P<0.0001. G, Numbers of
organs with tumor implants. Student’s t-test, **P<0.005. H, Total tumor weight. Student’s
t-test, **P<0.005. |, H&E staining of intraperitoneal tumor tissues from untreated control
and Y3-treated C57/BL6 mice. J, Immunofluorescence staining of Ki67, Cd4, and Cd8

in tumor tissues. DAPI was used to stain nuclear DNA. K, Quantification of fluorescence
positive cells. Student’s t-test, ***P<0.005, ****P<0.0005.
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Figure 6. Y3 induces immunogenic cell death in TKO syngeneic mouse EOC model.
A, Flowchart of TKO tumor formation and Y3 treatment. B, Growth curves of tumors

formed by TKO mouse ovarian cancer cells in C57BL/6 mice. Two-way ANOVA analysis,
n=5. C, Levels of cytokine in mouse plasma samples. Healthy and tumor-bearing mice are
both injected with Y3 (5mg/kg, IP once per week) or vehicle. Two-way ANOVA followed
by Sidak HSD test, *P<0.05, **P<0.005. D, Flowchart of vaccination assay. Mice in the
control group were injected with necrotic TKO cells that were frozen and thawed in liquid
nitrogen and at 37°C. The same numbers of TKO cells were treated with 10uM Y3 jn vitro
for 24 h before they were injected to the left flank of C57BL/6 mice in the test group. One
week later, normal live TKO cells were injected to the contralateral flank of all the mice. E,
Growth curves of tumors in the right flank of mice. Two-way ANOVA followed by Sidak
HSD test, ***P<0.0005, #P<0.0001. F, Immunoprecipitation of HMGB and western blot.
A2780 cells are treated with 10 uM Y3 for 48 h. HMGB is precipitated from the culture
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medium of A2780 cells and detected using anti-HMGB antibody. Albumin was used as a
loading control for medium samples. GAPDH was used as a loading control for cell lysate
samples. G, HMGB in the culture medium of A2780 cells assessed using ELISA. One-way
ANOVA followed by Tukey’s HSD test, *p<0.05, **p<0.005, and #p<0.0001. H, Levels
of ATP in cell culture medium of A2780 and KRCH31 cells. Two-way ANOVA followed
by Sidak HSD test, n=5, *P<0.05, ***p<0.0005, #p<0.0001. I, Flow cytometry analysis of
cell-surface CALR. Cells are treated with 10 uM Y3 for 24 h. Two-way ANOVA followed
by Sidak HSD test, n=3, **P<0.005.
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