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Quercetin induces protective autophagy and apoptosis
through ER stress via the p-STAT3/Bcl-2 axis in ovarian cancer
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Abstract Quercetin (3,3",4',5,7-pentahydroxyflavone,
Qu) is a promising cancer chemo-preventive agent for vari-
ous cancers because it inhibits disease progression and pro-
motes apoptotic cell death. In our previous study, we dem-
onstrated that Qu could evoke ER stress to enhance drug
cytotoxicity in ovarian cancer (OC). However, Qu-induced
ER stress in OC is still poorly understood. Here, we dem-
onstrated that Qu evoked ER stress to involve in mitochon-
dria apoptosis pathway via the p-STAT3/Bcl-2 axis in OC
cell lines and in primary OC cells. Unexpectedly, inhibi-
tion of ER stress did not reverse Qu-induced cell death.
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Further functional studies revealed that Qu-induced ER
stress could activate protective autophagy concomitantly by
activating the p-STAT3/Bcl-2 axis in this process. Moreo-
ver, the autophagy scavenger 3-MA was shown to enhance
Qu’s anticancer effects in an ovarian cancer mice xenograft
model. These findings revealed a novel role of ER stress as
a “double edge sword” participating in Qu-induced apop-
tosis of OC and might provide a new angle to consider in
clinical studies of biological modifiers that may circum-
vent drug resistance in patients by targeting protective
autophagy pathways.

Keywords Qu - ER stress - Autophagy - Ovarian cancer -
p-STAT3/Bcl-2 axis

Introduction

Ovarian cancer (OC) is the fifth leading cause of cancer-
related death among women and has the highest mortality
rate of all gynecological malignancies in the United States
[1]. The current barriers in patients with OC are that the
cancer is undetectable at early stages, has a tendency to
relapse, and is inclined to develop drug resistance. Cur-
rently, the standard treatment for OC is cytoreductive sur-
gery followed by chemotherapy, with a devastating 5 year
survival rate for all stages of ~47% [2]. This poor clinical
outcome highlights the need for more efficacious targeted
molecular therapies in this devastating disease.
Plant-derived bioactive compounds are newly recog-
nized as alternates or adjunct therapies for various forms
of cancer and have less toxicity than conventional anti-
cancer drugs [3]. Qu, the most common flavonoid in
many fruits and vegetables, has shown anticancer effects
for many cancers including colon, breast, and ovarian

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s10495-016-1334-2&domain=pdf
http://dx.doi.org/10.1007/s10495-016-1334-2

Apoptosis

cancers [4-6], and has been approved in clinical tri-
als for tyrosine kinase inhibition [4]. Although Qu has
potential as an anti-cancer therapy, the underlying mech-
anisms are still not well understood regarding to OC.

Endoplasmic reticulum (ER) is responsible for protein
translocation, protein folding, and protein post-trans-
lational modifications. Perturbations in ER function, a
process named “ER-stress”, triggers the unfolded pro-
tein response (UPR), a tightly orchestrated collection
of intracellular signal transduction reactions designed
to restore protein homeostasis. ER stress can trigger the
apoptotic machinery and ultimately lead to cell death
under severe or chronic stress conditions, for instance,
when adaptive responses are exceeded or a dysfunctional
UPR is unable to correct the balance of ER stress [7].
Evidence for the role of ER stress-mediated cell death
in a variety of diseases makes this process an attractive
target for cancer therapy [8]. In our previous study, we
demonstrated that Qu evoked ER stress to enhance drug
cytotoxicity in OC [9, 10]. However, the mechanism
of the anti-cancer activity of Qu-induced ER stress is
poorly understood.

Autophagy, a stress-induced cell survival program
that has long been known to remove dysfunctional orga-
nelles and/or proteins by shuttling them to the lyso-
some for degradation [11], can be activated by ER stress
pathways, which is supported by numerous independ-
ent studies [12, 13]. However, the role of autophagy in
cancer chemotherapy is still controversial. Cancer cells
may utilize autophagy to survive in the hostile tumor
microenvironment, suggesting deployment of therapeu-
tic strategies to block autophagy for cancer therapy. On
the contrary, high levels of autophagy might lead to cell
death in cancers [14]. This phenomenon may depend on
the varying nature of stress stimuli on cells and tissues.
Qu has the potential to induce protective autophagy in
gastric cancer through AKT-mTOR and hypoxia-induced
factor la signaling [15]. Although Qu was also dem-
onstrated to induce autophagy in OC [3], there was no
direct evidence to explain the exact role of Qu-induced
autophagy. Therefore, we were determined to explore
whether Qu-induced ER stress could evoke autophagy
and its exact role in OC.

In this study, we found that Qu-induced ER stress
acted bidirectionally involving apoptosis in OC via the
p-STAT3/Bcl-2 axis and including the mitochondria
apoptosis pathway and protective autophagy. Inhibition
of autophagy could reverse this “side effect” of Qu. The
above results let us reconsider the role of ER Stress in
the treatment of ovarian cancer with Qu.
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Materials and methods
Reagents and cells

The antibodies for Bcl-2, BAD, BAX, cytochrome C, Cas-
pase-3, Caspase-4, Caspase-9, phospho-STAT3 (Tyr705),
CHOP and GAPDH were purchased from Cell Signaling
Technology (MA, USA). The antibodies for GRP78, horse-
radish peroxidase-conjugated anti-mouse IgG and anti-
rabbit IgG were purchased from epitomics (abcam, USA).
pEGFP-LC3 (human) (Plasmid 24920) and Human Bcl-2/
pcDNA3 (Plasmid #19279)were purchased from Addgene
(USA). The antibodies for Beclin 1, LC3B, ATG5 were
purchased from Abcam (abcam, USA). Qu, Z-VAD-fmk,
stattic and 3MA were purchased from Sigma—Aldrich (MO,
USA). Tauroursodeoxycholic acid (TUDCA), salubri-
nal and sp600125 were purchased from Calbiochem (San
Diego, CA). 3-ethoxy-5,6-dibromosalicylaldehyde (3-E-5,
6-D) were purchased from Sigma (St. Louis, MO, USA).
CAOV3 human ovarian cancer cells, from American Type
Cell Culture (ATCC, Manassas, VA, USA) were grown and
maintained in DMEM medium supplemented with 10%
fetal bovine serum (FBS), 100 U/ml penicillin, 100 pg/ml
streptomycin and 25 pg/ml amphotericin B. P#1, a primary
ovarian cancer cell was isolated and identified as described
[9], with a purity greater than 90% (data not shown). Cells
were cultured at 37°C in a humidified incubator with 5%
CO, and 95% air and were regularly examined using an
inverted microscope.

MTT assay

The MTT assay was employed to examine the effects of
Qu on the proliferation of ovarian cancer cells. Briefly, the
cells were seeded in 96-well plates at 5x 10°cells/well in
200 pl medium. Then, the cells were treated with various
concentrations of Qu and cultured for 48 h. At the end of
the culture period, the MTT solution (0.5 mg/ml in 20 pl
PBS) was added to each well and incubated for 4 h at 37 °C.
An enzyme-labeled instrument (Thermo) measured the
absorbance of each well at 570 nm. The data were calcu-
lated from three independent experiments, each performed
in sextuplicate.

Colony-forming assay

Cells were seeded into 6-cm dishes in triplicate at a density
of 1000 cells per dish. The cells were pretreated with Qu
in different concentrations for 48 h. Then, the medium was
changed and the cells were incubated for another 14 days in
a humidified incubator at 37 °C. Colonies were fixed with
4% paraformaldehyde, stained with 0.5% crystal violet and
counted.
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Annexin V-FITC-propium iodide assay

An Annexin V-FITC apoptosis kit (KeyGEN Biotech, Nan-
Jing. China) was used to determine the number of apoptotic
cells according to the manufacturer’s instructions. Briefly,
cells were grown in 12-well plates, after 80-90% conflu-
ence, different treatments were applied to the cells. The
cells were harvested after the indicated time, washed twice
with ice-cold PBS and resuspended in 500 pl of binding
buffer. Then, 5 pl Annexin V-FITC and 10 pl propidium
iodide were added and the mixture was incubated in the
dark at 4 °C for 10 min. A total of 10,000 events per sample
were analyzed. Annexin V-FITC positivity was calculated
with a FACS Calibur flow cytometer (BD Biosciences,
Franklin Lakes, NJ, USA) using WinMDI 2.8 software.

Cell survival assay

An Annexin V-FITC apoptosis kit (KeyGEN Biotech, Nan-
Jing. China) was used to determine the number of apoptotic
cells according to the manufacturer’s instructions. Briefly,
cells were grown in 12-well plates, after 80-90% conflu-
ence, different treatments were applied to the cells. The
cells were harvested after the indicated time, washed twice
with ice-cold PBS and resuspended in 500 pl of binding
buffer. Then, 5 pl Annexin V-FITC and 10 pl propidium
iodide were added and the mixture was incubated in the
dark at 4 °C for 10 min. A total of 10,000 events per sample
were analyzed. Annexin V-FITC negative was calculated
with a FACS Calibur flow cytometer (BD Biosciences,
Franklin Lakes, NJ, USA) using WinMDI 2.8 software.

Western blot analysis

Cells were harvested and washed twice with cold-PBS and
lysed in lysis buffer (50 mM Tris—Hcl pH 8.0, 150 mM
NaCl, 1% NP-40) containing ImM phenylmethylsulfonyl
fluoride (PMSF) and protease inhibitor cocktail for 30 min
on ice. After centrifugation at 12,000 rpm for 15 min, the
supernatant was collected. The total protein concentration
was determined using a BCA protein assay kit. Briefly,
50 pg of total protein from each sample was loaded, sep-
arated by SDS-PAGE and transferred to a polyvinyldif-
luoride (PVDF) membrane. Transferred membranes were
blocked for 1 h with TBS containing 0.1% Tween-20 and
5% BSA at room temperature and then incubated over-
night with an appropriate dilution of the primary antibody
at 4°C. After washing three times with TBS containing
0.1% Tween-20, membranes were incubated with the cor-
responding HRP-linked secondary antibody. Finally, the
immune complexes were visualized via fluorography using
an enhanced ECL system (pierce, USA).

Co-immunoprecipitation

CAOV3 and P#1 were treated with or without Qu for 48 h.
Proteins were extracted using lysis buffer (50 mM Tris—Hcl
pH 8.0, 150 mM NaCl, 1% NP-40 and 2 mM EDTA). Pro-
tein samples were immunoprecipitated with Bcl-2, Beclin
1 antibodies or irrelevant IgG at 4 °C overnight. Then, the
immunoprecipitated protein was pulled down with 20 pl
protein G-Sepharose at 4°C for 4 h. The beads were then
washed four times with lysis buffer before SDS-PAGE
electrophoresis.

Transfection of siRNA

CHOP, Beclin 1, ATGS, Bcl-2 and non-targeting control
siRNAs were purchased from Santa Cruz Biotechnology.
Cells were transfected with siRNAs using Lipofectamine
2000 (Invitrogen, USA), according to the manufacturer’s
instructions.

In vivo experiments

This study was performed with approval from the Com-
mittee on the Ethics of Animal Experiments in the Hubei
province. All animal experiments were carried out in
accordance with the Guide for the Care and Use of Labo-
ratory Animals of Tongji Hospital in Hubei. 4-6 week
old female nude athymic NOD/SCID mice were housed
and maintained in laminar flow cabinets under specific
pathogen-free conditions. CAOV3 human ovarian cancer
cells (5% 10° in 200 pl volume of PBS) were injected via
intraperitoneal injection (i.p.). Approximately 5 days after
tumor implantation, the mice were randomized into four
groups with eight mice/group and treated i.p. with 80 mg/
kg Qu twice a week, 30 mg/kg 3MA twice a week, a com-
bination of 30 mg/kg 3MA and 80 mg/kg Qu twice a week,
or a vehicle control injected with the same volume of saline
for 4 weeks. The tumor volume in the abdominal cavity of
each mouse was assayed by in vivo bioluminescence imag-
ing after the completion of the experiment.

Human ovarian cancer CAOV3 cells (5x10° in 100 pl
volume of PBS) were injected s.c. into the right supra scap-
ula region of mice. Tumor volume was estimated using the
formula volume = length X width?/2. Approximately 1 week
after tumor implantation, when the tumor reached a mean
group size of 50 mm?>, the mice were randomized to four
groups with six mice/group and treated with i.p. of 80 mg/
kg Qu twice a week, 30 mg/kg 3MA twice a week, a com-
bination of 30 mg/kg 3MA and 80 mg/kg Qu twice a week,
or a vehicle control injected with the same volume of saline
for 4 weeks. The tumor volumes were determined by cali-
per measurement every 4 days.
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Fig. 1 Qu-induced apoptosis in ovarian cancer cells. CAOV3 and
primary ovarian cell P#1 were treated with increasing concentrations
of Qu for 48 h (a—d). a The cell viability rate was assessed using the
MTT assay. b The apoptotic rate was analyzed by flow cytometry. ¢
The effect of growth inhibition was measured by the violet staining
assay, and photographs were taken at 14 days after quercetin interven-
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tion. d Lysates were harvested and immunoblotted with cleaved cas-
pase-3, cleaved caspase-9 and cytochrome C antibodies. e Cells were
treated with DMSO (0.1%), Qu (40 uM for CAOV3 and 80 uM for
P#1) in the absence or presence of 20 uM Z-VAD-fmk for 48 h, and
the cell survival was analyzed by flow cytometry. The results were
similar in at least three independent experiments.*p <0.05. **p <0.01
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Tumor tissue samples from mice were isolated for histo-
pathological evaluations.

Immunohistochemical staining

After the mice were sacrificed, tumors were excised and
stored in 5% formalin for 24 h; the tumors were then
embedded in paraffin, sectioned, and subjected to immu-
nohistochemical staining for GRP78, Beclin 1 and Bcl-2
expression using the streptavidin-peroxidase technique as
described previously. Briefly, sections were deparaffinized
and incubated with 3% H,0O, in distilled water to block
endogenous peroxidase activity. After antigen retrieval, the
sections were blocked with goat serum for 30 min and then
incubated with a primary antibody overnight at 4 °C. After
washing with PBS, the sections were incubated with horse-
radish peroxidase linked secondary antibodies for 30 min.
After washing with PBS, the sections were developed
in DAB solution until the desired staining intensity was
achieved. Finally, the sections were counterstained with
hematoxylin.

Statistical analysis

The data were expressed as means+SD of at least three
independent experiments. Statistical analysis was per-
formed using the SPSS16.0 software. The Student ¢ test was
used to determine statistical differences between treatment
and control values, and p <0.05 was considered significant.

Results
Qu-induced apoptosis in ovarian cancer cells

The cytotoxic effects of Qu on the OC cell line CaOV3 and
primary OC cells P#1 were determined with MTT assays
after treatment for 48 h. The growth inhibition of Qu in OC
cells occurred in a dose-dependent manner. The ICs;, values
of Qu against CAOV3 and P#1 cells were approximately 40
and 80 uM, respectively (Fig. 1a). In addition, the apoptotic
effect of Qu was determined by Annexin V/PI double stain-
ing assay. As shown in Fig. 1b, Qu also increased Annexin
V activity in CAOV3 and P#1 cells in a dose-dependent
manner. Consistent with this result, the colony formation
abilities of Qu-treated groups were remarkably declined
compared with those of the DMSO-control group (Fig. 1c¢).

Next, immunoblotting was used to examine whether Qu-
induced cell apoptosis was dependent on the mitochondria-
pathway. As shown in Fig. 1d, cytochrome C release from
the mitochondria was detected after Qu treatment, accom-
panied with the elevation of cleaved caspase-9 and cleaved
caspase-3. Moreover, Z-VAD-fmk, a pan-caspase inhibitor
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Fig. 2 Qu-induced ER stress mediated caspase-cleavage. a CAOV3
and P#1 were exposed to various dosages of Qu, lysates were immu-
noblotted for GRP78, CHOP and caspase-4 antibodies. b CAOV3
and P#1were treated with DMSO (0.1%), Qu (40 uM for CAOV3 and
80 uM for P#1) in the absence or presence of 500 pM TUDCA for
48 h, respectively, lysates were harvested and immunoblotted with
GRP78, CHOP and cleaved caspase-3 antibodies. ¢ CAOV3 and P#1
cells were transfected with NC siRNA or CHOP-siRNA and exposed
to Qu (40 uM for CAOV3 and 80 uM for P#1) for 48 h, western blot
analysis of CHOP and cleaved caspase-3. The results were similar in
at least three independent experiments

could reverse the apoptotic effect of Qu in ovarian cancer
cells, which further confirmed the involvement of the cas-
pase cascade (Fig. le). These results indicated that Qu-
induced apoptosis in ovarian cancer cells occurred through
the mitochondria intrinsic pathway and caspase-dependent.

Qu-induced ER stress contributed to caspase-cleavage

What other cellular responses associated with cell death
involved Qu-induced apoptosis? We focused on ER stress,
which was a newly discovered apoptosis-related path-
way besides the well-recognized death receptor signal-
ing pathway and mitochondrial pathway. Previous studies
confirmed Qu could evoke ER stress, which involved cell
death in pancreatic and prostate carcinoma cell lines [16,
17], and in our previous studies, we presented evidence that

@ Springer
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Fig. 3 p-STAT3/Bcl-2 axis participated in Qu-induced ER stress
mediating caspase-cleavage. a CAOV3 and P#1 cells were incubated
with Qu (40 pM for CAOV3 and 80 pM for P#1) for 48 h, western
blot analysis of p-STAT3 (Tyr705), Bcl-2, BAX and BAD. b CAOV3
and P#1 were treated with DMSO (0.1%), Qu (40 uM for CAOV3
and 80 uM for P#1) in the absence or presence of 500 uM TUDCA
for 48 h, respectively, western blot analysis of p-STAT3 (Tyr705) and
Bcel-2. ¢ CAOV3 and P#1 cells were transfected with NC siRNA or
CHOP-siRNA and exposed to Qu (40 uM for CAOV3 and 80 uM for
P#1) for 48 h, western blot analysis of p-STAT3 (Tyr705) and Bcl-2.
d A specific STAT3 inhibitor stattic was added to CAOV3 cells for
48 h, western blot analysis of p-STAT3 (Tyr705), Bcl-2 and cleaved

Qu triggered ER stress through all three arms to enhance
drug cytotoxicity in OC cells. GRP78 is the more abundant
ER chaperone and, in addition to its key role in the protein
folding process, plays a preeminent role in the regulation
of the UPR [18]. CHOP is a transcription factor implicated
in the control of translation and apoptosis and the down-
stream target of three branches of ER stress [19]. Therefore,
GRP78 and CHOP were chosen as markers of ER stress in
the next study. Recent studies have shown that caspase-4,
an ER-resident caspase, was activated in response to ER
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caspase-3. e CAOV3 cells were transfected with Bcl-2 specific
siRNA for 48 h, western blot analysis of Bcl-2 and cleaved caspase-3.
f CAOV3 cellswere treated as (d) and (e), Annexin V/PI assay was
used to determine the apoptosis rate by flow cytometry. g, h CAOV3
was treated with Qu (40 pM) and stattic for 48 h. g Lysates were har-
vested and immunoblotted with cleaved caspase-3 and GAPDH. h
Annexin V/PI assay was used to determine the apoptosis rate by flow
cytometry. i CAOV3 cells were transfected with Bcl-2 plasmid for
48 h, western blot analysis of p-STAT3, Bcl-2 and cleaved caspase-3.
The results were similar in at least three independent experiments.
*p<0.05. **p <0.01

stress. Protein expression analysis showed that Qu up-reg-
ulated GRP78 and CHOP and led to the cleavage of cas-
pase-4 in CAOV3 and P#1 cells (Fig. 2a), which indicated
that the ER stress-associated apoptosis pathway might con-
tribute to Qu-induced OC cell death. Pan-caspase inhibitor
could abrogate the cleavage of Caspase-4 after Qu treat-
ment. (Figure S1A).

Tauroursodeoxycholic acid (TUDCA), a classical
chemical chaperone against ER stress, was enrolled to
relieve ER stress [10]. As shown in Fig. 2b, TUDCA was
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Fig. 4 Inhibition of ER stress could not reverse quercetin-induced
apoptosis in ovarian cancer cells. a CAOV3 and P#1 were treated
with DMSO (0.1%), Qu (40 uM for CAOV3 and 80 uM for P#1) in
the absence or presence of 500 uM TUDCA for 48 h, Annexin V/PI
assay was used to determine the apoptosis rate by flow cytometry. b

sufficient to reverse Qu-induced ER stress in OC cells;
meanwhile, it could also decreased the cleavage of cas-
pase 3 under Qu intervention. As CHOP was the best
characterized mediator in the transition of ER stress to
apoptosis and acted as a key pro-apoptotic transcription
factor during ER stress response, we transfected CHOP
specific siRNAs in OC cells to clarify whether CHOP
contributed to the activity of caspase 3. As expected,
Qu-induced upmodulation of CHOP was abolished in
the presence of CHOP siRNAs and, notably, partially
restored the activation of apoptotic effector caspase 3
(Fig. 2c). Altogether, these results indicated that Qu-
induced ER stress was involved in the mitochondrial
pathway-mediated apoptosis.

CAOV3 and P#1 cells were transfected with NC siRNA or CHOP-
siRNA and exposed to Qu (40 uM for CAOV3 and 80 uM for P#1)
for 48 h, Annexin V/FITC assay was used to determine the apoptosis
rate by flow cytometry. The results were similar in at least three inde-
pendent experiments

p-STAT3/Bcl-2 axis participated in Qu-induced ER
stress mediatingapoptosis

To further investigate the mechanism of Qu-induced ER
stress and apoptosis, we focused on the p-STAT3/Bcl-2
axis, which was confirmed to be capable of regulating cas-
pase-cleavage to decrease apoptosis [20]. Consistent with
our previous studies, the expression of p-STAT3 and Bcl-2
were decreased in CAOV3 and P#1 by Qu. These were
not changed by BAX or BAD after Qu treatment (Fig. 3a).
Moreover, the supplement of TUDCA or specific CHOP
siRNA further supported the connection of ER stress and
the inactivation of the p-STAT3/Bcl-2 axis in OC cells
(Fig. 3b, c). To further elucidate the connection between
p-STAT3/Bcl-2 axis and caspase 3 activity in OC cells,
we used a specific STAT3 inhibitor stattic to inactivate the
STAT3 pathway or Bcl-2 specific siRNA to knock down the
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expression of Bcl-2; as a consequence, cleaved-caspase 3
was notably increased (Fig. 3d, e) and the apoptosis rate of
cells was evidently increased (Fig. 3f). In addition, the cells
treated with both stattic and Qu could induce stronger cas-
pase-3 activation and apoptosis than Qu alone (Fig. 3g, h).
Finally, CAOV3 cells were transfected with Bcl-2 plasmid
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for overexpression of Bcl-2; as a consequence, the activa-
tion of cleaved caspase-3 by Qu treatment was abrogated,
but p-STAT3 was not influenced (Fig. 3i). Together these
results showed that Qu-induced ER stress participated in
the mitochondrial apoptosis pathway through the p-STAT3/
Bcl-2 axis.
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4Fig. 5 Qu-induced protective autophagy in ovarian cancer cells. a
CAOV3 and P#1 cells transfected with pEGFP-LC3 plasmid were
treated with DMSO (<0.1%) or different concentrations of Qu for
48 h. The average number of dots per positive cell were counted. b
Lysates of CAOV3 and P#1 cells were harvested and immunoblot-
ted with LC3, Beclin 1 and Atg5 after treatment with various con-
centrations of Qu for 48 h. ¢—f Cells were incubated with DMSO
(<0.1%), Qu (40 pM for CAOV3 cells and 80 pM for P#1 cells) in
the absence or presence of 3MA (10 mM) for 48 h. ¢ Western blot
analysis of LC3, Beclin 1 and Atg5. d The apoptotic rate was ana-
lyzed by flow cytometry. e The effect of growth inhibition was meas-
ured by the violet staining assay, and photographs were shown at 14
days. f The cell viability rate was assessed using the CCKS8 assay
comparing quercetin only and the combination of quercetin and 3MA.
g Detection of the inhibition efficiency for siRNAs against ATGS or
Beclinl. CAOV3 and P#1 cells were transfected with siRNAs target-
ing ATGS or Beclinl for 48 h, western blot analysis of Beclinl and
Atg5. h Cells were transfected with NC siRNA, ATGS5 or Beclinl-
siRNA in the absence or presence of Qu (40 pM for CAOV3 cells and
80 pM for P#1 cells) for 48 h, and apoptosis rates were analyzed by
flow cytometry. The results were similar in at least three independent
experiments. *p <0.05; **p <0.01

Inhibition of ER stress could not reverse
quercetin-induced apoptosis

Unexpectedly, neither adding TUDCA nor knocking down
CHOP could abolish Qu-induced apoptosis in CAOV3 and
P#1 cells (Fig. 4a, b), which suggested that Qu-induced
ER stress might act by a function other than the mediating
mitochondrial apoptosis pathway.

Qu-induced protective autophagy in ovarian cancer
cells

To determine the above phenomenon and to better under-
stand the exact role of Qu-induced ER stress, we examined
other cellular responses associated with cell death after Qu
treatment. Recently, a growing body of evidence demon-
strated that autophagy is associated with both survival or
apoptotic processes in cells dependent on various stimu-
lus conditions [21, 22]. Electron microscopy analysis of
Qu-treated cells highlighted the presence of double mem-
brane vacuolar structures with the morphological features
of autophagosomes in the cytoplasm of both CAOV3 and
P#1 cells (data not shown). To further confirm this result,
GFP-MAPLC3B plasmids were stably transfected into
CAOV3 and P#1 cells to generate these two constitutively
expressing GFP-LC3B cell lines. Fluorescence microscopy
allowed us to monitor autophagy by identifying punctate
GFP-LC3B in GFP-LC3B-CAOV3 and GFP-LC3B-P#1
cells exposed to Qu at various concentrations. As shown
in Fig. 5a, Qu-treated CAOV3 and P#1 cells displayed a
significant increase in the density of GFP-LC3B dots in a
dose dependent manner. Immunoblot also revealed that Qu
led to an enhanced LC3B conversion in a dose dependent

manner, and autophagy-associated genes Beclin 1 and Atg5
were also activated (Fig. 5b).

To investigate the role of Qu-induced autophagy on
apoptosis in ovarian cancer, we used the autophagy scaven-
ger 3-MA in combination with Qu. As shown in Figs. 5S¢,
3MA effectively abrogated Qu-induced LC3B turnover and
the expression of ATGS5 and Beclin 1, resulting in enhanced
cytotoxicity of Qu to CAOV3 and P#1 cells. In addition,
silencing the expression of either Atg5 or Beclin 1 could
also aggravate Qu-induced cell death (Fig. 5g, h). Above
all, these results suggested that Qu-induced autophagy
might play a protective role in ovarian cancer cells.

Qu-induced ER stress mediated autophagy

The close relationship between ER stress and autophagy
has been demonstrated by recent reports showing that ER
stress is a potent inducer of autophagy [23]. To investi-
gate whether ER stress following Qu treatment generated
an autophagic response, western blotting was performed
to probe the expression of LC3B, ATGS and Beclin 1.
TUDCA addition or knocking down CHOP could attenu-
ate the expression of LC3B, ATGS and Beclin 1 induced
by Qu (Fig. 6a, b). CHOP is the downstream target for
three branches of ER stress, and the three branches were
examined using inhibitors [9]. As shown in Figure S2A-C,
all three branches of ER stress could regulate autophagy
response. These results demonstrated that Qu-induced
autophagy was ER stress dependent in OC cells. Moreo-
ver, 3-MA could not alter the expression of GRP78 or
CHOP induced by Qu, suggesting that autophagy acted
downstream of ER stress after Qu treatment (Fig. 6c¢).
To further explore the potential correlation between ER
stress and autophagy in ovarian cancer, the mRNA data
of GRP78, ATGS5 and Beclin 1 from 594 ovarian can-
cer specimens was obtained from the TCGA database. As
shown in Fig. 6d, the Spearman correlation analysis on
the normalized mRNA expression value revealed that the
GRP78 expression level was positively correlated with that
of ATG5 (R=0.143, p<0.001) and BECN1 (R=0.293,
p <0.001). This underlying positive correlation of ER stress
and the autophagy markers implied a possible dominating
relationship between ER stress signaling and the autophagy
response.

p-STAT3/Bcl-2 axis participated in Qu-induced ER
stress mediating autophagy

Beclinl, a Bcl-2-homology (BH)-3 domain-only protein,
interacts with Bcl-2, stabilizes the Beclinl homodimer,
and suppresses autophagy [24]. In addition, the Bcl-2
family proteins are closely related to the IRE1/JNK
pathway, which also participates in ER stress-mediated

@ Springer



Apoptosis

A B
CAOV3 P#1
Qu - + + - + +
TDUCA - - + - - +
Beclin 1 [muw iy . =~ G
Atgs | e — & |
1 = - = -

GAPDH (0 esew enee ey e el

c CAOV3 P#1
Qu ) + + _ T +
3MA - - + - - +
GRP78 | — — s G —|
Chop | o ---Ol

GAPDHI-—-- --|

Fig. 6 Qu-induced autophagy dependent of ER stress in ovarian can-
cer. a CAOV3 and P#1 cells were treated with DMSO (<0.1%), Qu
(40 pM for CAOV3 cells and 80 pM for P#1 cells) or Qu in combi-
nation with TUDCA (500 puM) for 48 h, lysates were harvested and
immunoblotted with LC3, Beclin 1 and Atg5. b CAOV3 and P#l
cells were transfected with NC siRNA or CHOP-siRNA and exposed
to Qu (40 uM for CAOV3 and 80 uM for P#1) for 48 h, western blot

autophagy [25]. Co-immunoprecipitation was used to
validate this interaction of Bcl-2 and Beclin 1 after Qu
administration. Consistent with previous reports, Bec-
lin 1 and Bcl-2 co-immunoprecipitation with each other
was markedly decreased in Qu-treated OC cells [15].
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analysis of LC3, Beclin 1 and Atg5. ¢ CAOV3 and P#1 cells were
treated with DMSO (<0.1%), Qu (40 pM for CAOV3 cells and
80 pM for P#1 cells) or Qu in combination with 3MA (10 mM) for
48 h, Western blot analysis of GRP78 and CHOP. d Using the nor-
malized mRNA data of 594 ovarian cancer specimens obtained from
the TCGA database gene, a Spearman correlation was performed
between GRP78 gene expression with that of ATGS and Beclinl

To further investigate the connection between Bcl-2 and
Beclin 1 in ovarian cancer cells, we knocked down the
expression of Bcl-2; as a consequence, Beclin 1 was
notably increased accordingly. In parallel, stattic also
increased the expression of Beclin 1 in OC cells (Fig. 7b,

A CAOV3 Pi#t1 B si-SCR - + -
i E = - +
IP: IgG Bcl-2 lgG Bel-2 .
Bel-2 [ — |
IB: Beclin 1 | | [— | | |[— s | Beclin 1 | o —
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Fig.7 The role of the p-STAT3/Bcl-2 axis in quercetin-induced
autophagy. a Co-immunoprecipitation analysis of Beclin 1 and Bcl-2
from lysates of CAOV3 and P#1 cells treated with DMSO (<0.1%)
or Qu (40 pM for CAOV3 cells and 80 pM for P#1 cells). b CAOV3
cells was transfected with Bcl-2 specific siRNA for 48 h, Western blot
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analysis of Bcl-2 and Beclin 1. ¢ The specific STAT3 inhibitor stattic
was added to CAOV3 cells for 48 h, western blot analysis of Bcl-2
and Beclin 1. d CAOV3 cells were transfected with Bcl-2 plasmid
for 48 h, western blot analysis of, Bcl-2, Beclin 1 and GAPDH. The
results were similar in at least three independent experiments
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c¢). Finally, CAOV3 cells were transfected with a Bcl-2
plasmid to overexpress Bcl-2; as a consequence, Beclin
1 increased after Qu treatment was abrogated (Fig. 7d).
Taken together, these results showed that Qu-induced ER
stress was involved in protective autophagy responses in
ovarian cancer via the p-STAT3/Bcl-2 axis.

3-MA could enhance Qu’s anticancer effect in a CAOV3
xenograft model

To further investigate whether inhibition of autophagy
could sensitize Qu’s anticancer effect in vivo, a mouse
xenograft ovarian cancer model was established by i.p.
injection of 5x10° CAOV3 human OC cells into female
NOD/SCID mice. As shown in Fig. 8a, b, i.p. injections
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Fig. 8 Inhibition of autophagy enhances Qu’s anticancer affects in
a CAOV3 xenograft model. a, b NOD/SCID mice were inoculated
with CAOV3 cells via intraperitoneal injection (i.p.), and then ran-
domly divided into four groups. The next day, the four mouse groups
were treated with saline, 3MA (30 mg/Kg, i.p.), Qu (80 mg/Kg, i.p.)
or Qu+3MA respectively, respectively. The abdominal cavity tumor
burden in the mice was assayed by in vivo bioluminescence imaging.
Representative images of mice were shown a bioluminescence signal
was measured for regions of interest and normalized as total flux (b,
n=3§ per group). ¢ Kaplan—-Meier survival curves demonstrated the

of Qu in combination with 3-MA resulted in a remark-
able reduction of abdominal tumor burden compared with
the solitary intervention group with Qu or 3-MA only.
Moreover, administration of Qu in combination with 3-MA
strikingly prolonged survival compared with that of other
groups (p<0.01) (Fig. 8c). We found the same results in
a time course xenograft model (Fig. 8d). After measuring
the last tumor using in vivo bioluminescence images, the
mice were sacrificed and the tumor masses were obtained
and analyzed by immunohistochemistry. In accordance
with the in vitro results, GRP78, Beclin 1 and cleaved
caspase-3 expression was increased in the Qu-treatment
groups, indicating ER stress and autophagy were activated
under Qu intervention. However, Qu in combination with
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survivalstatusin each treatment group (n=8 per group). d CAOV3
cell-derived tumors developed in NOD/SICD mice and treated with
saline, 3MA (30 mg/Kg, i.p.), Qu (80 mg/Kg, i.p.) or Qu+3MA.
Tumor growth was monitored by measuring the tumor volume for
4 weeks. (n=6 mice per group). e Tumor samples were subjected
to immunohistochemical analysis of GRP78, Beclin 1, p-STAT3,
cleaved caspase-3 and Bcl-2 (x200). f Schematic model illustrating
the potential pathway associated with Qu-induced ER stress in ovar-
ian cancer cells. *p <0.05; **p <0.01
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3-MA obviously reduced Beclin 1 compared to that of mice
treated with Qu alone (p <0.05) (Fig. 8e).

Discussion

Epithelial OC is the most common cause of death among
gynecological malignancies. Despite cytoreductive surgery
and systemic chemotherapy showing rapid effects during
the initial treatment, most patients unavoidably experi-
ence disease recurrence within two years, which led to the
dismal prognosis of OC patients. Therefore, it is urgent to
find alternative therapies or new regimen to enhance the
removal of OC cells. Targeting the ER stress pathway is
recently being regarded as a promising new strategy for
drug discovery and cancer therapy. Because prolonged or
irreversible ER stress can lead to cell death, this pathway
has potential for anticancer therapy [26]. Qu, a common
natural flavonoid in many fruits and vegetables, screened
out as a potent ER stress inducer from thousands of vari-
eties of flavonoids, could increase IRE1 nuclease activity
and splicing of XBP1 [27] and has been shown to induce
ER stress by enhancing apoptosis in prostate, glioma, pan-
creatic, and colon cancer cells [16, 17, 28], thus showing a
variety of anticancer effects in many cancer cells.

In this study, we provided prudent evidence that Qu
evoked ER stress by directly inducing apoptosis through
elevated levels of GRP78, CHOP and cleaved caspase 4
after Qu treatment inCAOV3 and primary OC cells. Cas-
pase 4 has been identified as a key player in ER-induced
apoptosis [29]. As a support, cells treated with siRNA tar-
geting caspase 4 were resistant to ER-stres-induced apop-
tosis [30]. Further functional analysis showed that inhibi-
tion of ER stress by TUDCA addition or knocking down
CHOP partially reversed the activation of apoptotic effec-
tor caspase 3, which further supports the view that Qu-
induced ER stress leads to apoptosis. In a previous study,
we demonstrated that Qu selectively suppressed consti-
tutive STAT3 phosphorylation and down-regulated the
expression of the STAT3-regulated gene Bcl-2 [9]. Bcl-2, a
crucial anti-apoptosis element, was confirmed to negatively
regulate the mitochondrial-apoptosis pathway [31]. Knock-
ing down Bcl-2 could increase the cleavage of caspase 3 in
OC, which indicates that the decrease of Bcl-2 exerted by
Qu was actually responsible for the apoptosis. Moreover,
we found the same results in stattic-treatment experiments.
Bcl-2 rescue experiments demonstrated the opposite result.
These data clarified that Qu-induced ER stress participated
in cellular apoptosis via the p-STAT3/Bcl-2 axis.

Conversely, other researchers showed that Qu exerted
protective effects by decreasing ER stress in normal cells
including intestinal epithelial cells and endothelial cells
[32, 33]. Our study found that Qu could not evoke ER stress
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or apoptosis in normal ovarian cells, HOSE, even at high
doses such as 80 uM (Figure S3A and B). This discrimina-
tive effect exerted by Qu between normal and cancer cells
is still not clear, which thus shows Qu to be an excellent
anticancer candidate in OC through ER stress.

Intriguingly, inhibition of ER stress could not reverse
Qu-induced apoptosis, suggesting there was another com-
pensational biological behavior associated with this pro-
cess. In this study, we focused on autophagy for the follow-
ing reasons. First, autophagy can be evoked in tumor cells
by a variety of stress signals such as nutrient starvation or
anticancer agents treatment [34]. The data presented here
showed that Qu induces autophagy in ovarian cancer cells.
We demonstrated that Qu increases the number and den-
sity of GFP-LC3B dots and enhances LC3-II formation
and LC3B conversion, a classical marker of autophagy, and
increases the expression of other autophagy related genes
such as ATGS5 and Beclinl. This phenomenon was further
confirmed by in vivo experiments because increased Bec-
lin-1 was seen through IHC after the addition of Qu. Sec-
ond, autophagy was involved in the promotion or inhibition
of cancer cell survival in various situations [35, 36], thus
affecting the fate of treated cells. Here, functional analy-
sis showed that either blocking the upstream pathway of
autophagy flux with 3-MA or specially knocking down
ATGS and Beclinl with siRNA markedly amplified Qu-
induced apoptotic cell death, which was further confirmed
by in vivo tumor xenograft models that showed 3-MA to
strengthen the anticancer effects of Qu, indicating that Qu-
induced autophagy played a protective role in OC cells.

The link between ER stress and autophagy was only
began to be investigated from last decade, and many
questions about the signaling pathways concerning ER
stress with autophagy remain largely un-answered. This
study presented the first evidence that Qu-evoked ER
stress induces protective autophagy in OC cells, and
the p-STAT3/Bcl-2 axis is the linker contributing to
ER stress-mediated autophagy. First, TUDCA or reduc-
ing expression of CHOP abrogates the LC3-1I, ATGS
and Beclin 1 elevation exerted by Qu treatment in ovar-
ian cells. Alternatively, the autophagy inhibitor 3-MA
in combination with Qu did not alter the expression of
GRP78 or CHOP, suggesting that autophagy acted down-
stream of ER stress after Qu treatment. Second, Spear-
man correlation analysis of 594 OC specimens from the
TCGA database showed positive correlations between
ER stress and autophagy markers, and other research has
demonstrated the expression of the autophagy-related
gene Beclin 1 being inversely correlated with the expres-
sion of Bcl-2 in clinical ovarian carcinoma specimens by
immunohistochemistry [37], indicating the possible dom-
inating relationship between ER stress signaling and the
autophagy response. Third, the co-immunoprecipitation
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results in this study demonstrated that the interaction of
Beclin 1 with Bcl-2 in ovarian cancer cells was dissoci-
ated after Qu treatment. Furthermore, knocking down
Bcl-2 or stattic-addition, resembling induction by Qu,
increases the expression of Beclin 1 in ovarian cancer.
Finally, Bcl-2 overexpression abrogates the increased
expression of Beclin 1 by Qu treatment. These results
indicate that the p-STAT3/Bcl-2 axis contributes to
ER stress-mediated autophagy. This phenomena could
explain the reason inhibiting autophagy with 3-MA sen-
sitizes Qu-induced cell death because Qu-induced ER
stress activates protective autophagy at the same time
and in the same manner as it activates the p-STAT3/Bcl-2
axis, leading to the same outcome.

Increasing number of scholars believe that targeting
to the ER stress is a new strategy for drug discovery and
cancer therapy. In previous study, we demonstrated that
Qu could evoke ER stress to influence p-STAT3/Bcl-2 to
enhance the drug cytotoxicity. In this research, we further
unveiled the effect of Qu-induced ER stress on the survival
in ovarian cancer cells by itself. We first demonstrated that
ER stress was involved in mediating mitochondrial-medi-
ated apoptosis and protective autophagy at the same time.
Interestingly, the p-STAT3/Bcl-2 axis also took part in this
process. The results provided a new explanation for protec-
tive Autophagy induced by quercetin, and providing a new
angle to consider in clinical studies of biological modifiers
that circumvent drug resistance in patients by targeting the
ER stress pathway.
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