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Abstract

IREl«x endonuclease is a key regulator of endoplasmic reticulum (ER) stress that controls cell survival/apoptosis in cancers.
Inhibition of IRE1 endonuclease leads to decreased splice XBP1 which decreases cell proliferation and increases cell death in
cancer cells. Therefore, this study investigated the effects and mechanism of STF-083010 (an IREl« inhibitor) on the cell
growth/apoptosis of ovarian malignant cells via the XBP1-CHOP-Bim pathway following the induction of ER stress (ERS).
ERS in OVCAR3 and SKOV3 cells was measured using Thioflavin T staining. The expression of ER stress response genes was
evaluated by QRT-PCR. The levels of XBP1(s), PERK, phospho-PERK, p-PP2A, ATF4, BIP/GRP78, CHOP, and Bim proteins
were evaluated using western blotting. Cell viability and apoptosis in STF-083010 and Tunicamycin (Tm) co-treated cells were
assessed using BrdU, MTT, Annexin V-FITC/PI staining, and caspases-12 and -3 activity assays. The results showed increased
XBP1, CHOP, and ATF-4 mRNA expression levels as well as high protein aggregation in STF-083010 and Tm co-treated cells.
The IRE1« inhibitor down-regulated sXBP1 and BIP proteins, while XBP-1, p-PERK, ATF-4, CHOP, and Bim proteins were
up-regulated. STF-083010 reduced cell proliferation and induced apoptosis through the activation of caspases-12 and -3 and Bax/
Bcl-2 protein expression. In summary, the present data revealed the effects of STF-083010 in ER stress and apoptosis as well as
signaling via XBP1/CHOP/Bim mediators. Thus, STF-083010 is proposed as a new target for the control of ERS in ovarian

cancer cells.

Keywords IRE1«x - ER stress - Apoptosis - Ovarian cancer

Introduction

Ovarian cancer encompasses 2.5% of all malignancies in
women and accounts for 5% of female cancer mortality
(Torre et al. 2018). Ovarian cancer is a recurrent tumor and
relatively resistant to current chemotherapy drugs (Pokhriyal
et al. 2019); thus, novel therapeutic agents are needed. In
tumor cells, the balance between synthesis and protein secre-
tion sometimes fails or proteins cannot be properly degraded.
The accumulation of non-folded or mis-folded proteins within
the ER cause the disruption of ER homeostasis, referred to as
ER stress (ERS). The unfolded protein response (UPR) is
activated to return normal ER hemostasis and allows the cell
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to survive (Wang et al. 2010). This suggests that manipulation
of UPR pathways can be considered as a potential therapeutic
strategy. Because of the high production of protein, ovarian
tumor cells display chronic ERS (G. Wang et al. 2010; M.
Wang and Kaufiman 2014).

The UPR has three signal transducers: PERK, IRE1«, and
ATF6«. In the physiological state, the ER chaperone immu-
noglobulin heavy chain-binding protein (BIP/GRP78) binds
with transducers and is maintained in an inactive monomeric
form. In response to ERS, BIP is released from transducers
and results in their dimerization and auto-phosphorylation and
the activation of UPR signaling. The UPR pathway is an in-
tegrated pro-adaptive and pro-apoptotic signal. The primary
purpose of the UPR is to restore ER homeostasis and adapta-
tion. However, if the adaptive programs fail and ERS remains
unresolved, the UPR activates apoptosis programs (G. Wang
et al. 2010). IRElx is one of the most important switching
components between cell survival and death signaling, and it
regulates the dynamic signaling of the UPR (Hetz 2012; Wu
et al. 2016). Previous studies have demonstrated that
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manipulation of IRE1x can be a good candidate for cancer
therapy (Karagoz et al. 2017; Suh et al. 2012). IRE1 o consists
of two domains with kinase and endoribonuclease (RNase)
activity. IRE1x-RNase sites slice the X-Box Binding Protein
1 (XBP1) mRNA and produce the transcription factor sXBP1
(spliced XBP1) that encodes a wide variety of UPR target
genes (Mimura et al. 2012).

The sXBP1 mainly encodes genes which promote ER pro-
tein folding capacity and expansion of the ER membrane un-
der ERS (Hetz 2012). Therefore, IREl « causes adaptation
through sXBP1 (Marquez et al. 2017). The sXBP1 induces
the expression of ER chaperone genes such as GRP78/BIP
(T.-H. Chen et al. 2017; Lee et al. 2003). The GRP78/BIP
chaperone protects the cells against ER stress-induced apopto-
sis by reducing the activity of caspase-7 and -12, inhibiting
pro-apoptotic BIK and Bax proteins, and blocking the release
of cytochrome ¢ (Racek et al. 2008). Moreover, overexpres-
sion of GRP78 is correlated with high proliferation and poor
prognosis in many cancers (Li et al. 2011) and is known as a
central pro-survival component of UPR (Luo et al. 2006). The
sXBP1 can also reduce expression of the CHOP protein by
activating ERK1/2 pathways. CHOP is the main protein re-
quired for ERS-mediated apoptosis, but the precise mecha-
nism of sXBP1 is not yet fully understood. Recent therapeutic
cancer research has focused on IRE1-XBP1 signaling inhib-
itors (Guo et al. 2012; Mimura et al. 2012; Namba et al. 2015).

STF-083010 is a novel inhibitor of IRE1« that directly
binds to the RNase site. The reduction of sXBP1 by STF-
083010 has been shown to have apoptotic effects in breast
and pancreatic cancers as well as multiple myeloma cells (L.
Chen et al. 2016; Chien et al. 2014; Ming et al. 2015a;
Papandreou et al. 2011a). There is a limited number of studies
on the modulation of sXBP1, and the therapeutic efficiency of
STF-08310 in human ovarian cancer cells remains unknown.
The current study aimed to investigate the effects of STF-
08310 and reduced sXBP1 on the apoptosis rates in SKOV3
and OVCARS3 cancer cells throughout the sXBP1-CHOP-
Bim pathway.

Methods and materials
Chemical

STF-083010 as an IRE1« inhibitor was obtained from Tocris
Bioscience (UK). Tunicamycin (Tm) and Thioflavin T were
purchased from Sigma-Aldrich (St. Louis, MO). The cell cul-
ture supplements were bought from Gibco. Antibodies against
XBP1 (sc-8015), ATF4/CREB-2 (sc-390,063), p-PERK (Thr
981) (sc-32,577), p-PP2A (s¢-271,903), Bcl-2 (sc-492), Bax
(sc-7480), Bim (sc-374,358), and B-Actin (sc-47,778) were
obtained from Santa Cruz (CA). The sXBP1 (12782S)
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antibody and ER Stress Antibody Sampler Kit (9956 T) were
purchased from Cell Signaling.

Cell culture

All assessments were performed on OVCAR3 and SKOV3
(NCBI codes: C430, C209) human ovarian cancer cell lines.
Cells were cultured in RPMI-1640 media with 10% fetal bo-
vine serum (FBS), 100 U/mL penicillin G, and 100 U/mL
streptomycin.

MTT assay

MTT assay was used to assess cell viability. In brief, 10x 10
cells/well were cultured in 96-well plates. After 24 h, cells
were exposed to Tm (3 pg/ml) with or without various dos-
ages (0.1, 1, 10, 50 and 100 uM) of STF-083010 for 18 h.
After treatment, cells were incubated with MTT dye (5 mg/ml)
for 4 h. Then, DMSO (200 pl/well) was added to dissolve
formazan crystals. Optical density was determined to be
570 nm using a Synergy H1 plate reader.

Bromodeoxy Uridine cell proliferation measurement

Cell proliferation was carried out with a BrdU kit following
the manufacturer’s protocol. During cell proliferation, BrdU, a
pyrimidine analog, was incorporated into replicating DNA
rather than thymidine. To detect BrdU, a BrdU mAbD that is
recognized by HRP-linked antibodies reacts effectively reacts
with it. The cells were transferred into 96-well plates (5 x 10°
cells per well). When the confluence reached about 80%, the
cells were treated by Tm (3 pug/ml) with or without different
concentrations (0.1, 1, 10, 50, and 100 uM) of STF-083010
for 18 h. Then, BrdU labeling solution was added (10 pL/
well). After 4 h, the solution was aspirated, and the cells were
incubated with secondary anti-BrdU antibodies that conjugat-
ed with peroxidase. After washing, the color reaction was
formed by adding substrate solution for 3—5 min. Finally, the
reaction was stopped by adding sulfuric acid (1 M), and the
optical density was determined to be 370 nm.

Thioflavin T staining assay

Thioflavin T (ThT) is able to detect ERS 20 min after treat-
ment with induction agents by binding to the aggregated pro-
teins (Beriault and Werstuck 2013). For ThT assay, 5000 cells/
well were grown in a 96-well plate and incubated for 24 h.
Then, cells were treated with Tm (3 pg/ml) in the presence or
absence of various dosages (0.1, 1, 10, 50 and 100 uM) of
STF-083010 for 18 h. Next, the supernatant was removed and
the cells were washed with PBS. For fixation, paraformalde-
hyde (4%) was added for 20 min; then, ThT (5 uM) was added
to the wells (50 pl/well). Finally, cells were washed (3 times)
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and fluorescent images of live cells were acquired with Zeiss
Axioplan 2 microscope. Fluorescence intensity was measured
at 485 nm, excited with blue dye filter, and images were pro-
vided at 535 nm emission and semi-quantified by ImageJ.

ERS gene expression

The expression of ERS genes was assessed using the QRT-
PCR method. In summary, 5 x 10° cells were grown in cell
culture plates (6-well). Next, the cells were exposed to Tm
(3 pg/ml) with or without STF-083010 (50 uM) for 18 h.
After treatment, total RNA was extracted using the Cinnagen
kit (PR891620). The cDNA was synthesized from total RNA
using a first-strand cDNA synthesis kit (Takara Shuzo, Otsu,
Japan). GAPDH was performed as an internal control. The
primers are listed in Table 1. Amplification of cDNA started
with 15 min at 95 °C, followed by 40 cycles of 15 s at 95 °C
and 1 min at 55-60 °C using High ROX master mixed Green
(AMPLIQON). A melting point curve was made at the termi-
nation of each reaction to confirm amplification specificity.
The relative gene expression levels were assessed through
the 2722 formula.

Western blots

Western blotting was performed to determine the protein
levels of XBP1, sXBP1, BIP, Bim, CHOP, p-PERK, PERK,
ATF4, p-PP2A, Bax, and Bcl-2 proteins. 5% 10° cells were
grown in plates (six-well). The cells were treated with Tm
(3 png/ml) with or without STF-083010 (50 uM) for 18 h. To
extract the total proteins, cells were lysed in a cocktail of RIPA
(Sigma-Aldrich), whole protease inhibitors (Sigma-Aldrich),
and phosphatase inhibitors (Sigma-Aldrich), and they were
destroyed by sonication. The protein concentration was deter-
mined using Bradford Protein Assay. Equal amounts (20 to
30 g of'total protein per well) of total protein for each sample
was electrophoresed using 12% SDS-PAGE. Then, the pro-
teins were transferred onto a PVDF transfer membrane
(Amersham Pharmacia Biotech, Buckinghamshire, United
Kingdom) using a Mini Trans-Blot® Cell Module. After
blocking for 1 h, the transferred membrane was incubated
overnight with mouse and rabbit monoclonal antibodies

against (XBP1 1:1000, sXBP1 1:300, CHOP 1:300, Bim
1:200, BIP 1:300, ATF4 1:200, PERK 1:500, p-PERK
1:500, Bax 1:300, Bcl-2 1:200 and p-PP2A 1:200).
Antibody binding was distinguished by conjugated secondary
antibodies (1/5000 for 90 min) and captured on film via ECL
Substrate (both from Amersham Corp., Arlington Heights,
IL). Beta-actin was used as an internal control.

Detection of apoptosis using Annexin V/ Pl staining

The detection of cell death was assessed through flow cytom-
etry as previously described (Jafari et al. 2018). Briefly, 5x 10°
cell/well were seeded in plates (6 well) and treated in a range
of STF-083010 (0.1, 1, 10 and 50 umol/L) with Tm (3 png/ml)
for 18 h. Next, cells were harvested and centrifuged. Then, the
washed cells were re-suspended in the binding buffer
(100 pL/well) and incubated for 15 min. Next, the cells were
incubated with Annexin V-FITC and PI for 15 min and ana-
lyzed by FACS Calibur flow cytometer (BD Bioscience).

Caspase-12 and -3 fluorometric activity assay

To evaluate the caspase activity, SKOV3 and OVCAR3 cells
(5 x 10°10° cells in each well) were seeded into a six-well
plate and treated with various ranges of STF-083010 (0.1, 1,
10, and 50 umol/L) in the presence of Tm (3 pg/ml) for 18 h.
Caspase-12 and -3 activity was determined based on the man-
ufacturer’s instructions (Biovision Systems, USA). Briefly,
the collected cells were lysed in lysis buffer (100 pl/well).
Then, supernatants were incubated with caspase-12 fluores-
cence substrate (ATAD-AFC) or caspase-3 (DEVD-AFC) in
new tubes. Samples were incubated for 2 h and absorbance
was read at 400/505 nm ex/em using a Microplate Reader
(Synergy H1 Hybrid MultiMode BioTek).

Statistical analysis

All data was processed and analyzed using Graph Pad Prism
(version 5). The results are presented as the mean =+ standard
deviation (SD) of independent triplicate experiments (with 3
repeats). Statistical non-parametric one-way analysis of vari-
ance (ANOVA) test followed by the Tukey Post-hoc test were

Table 1 Primer sequences of ER stress gene that were used for RT-PCR

Gene symbol NCBI Accession number Forward primer Reverse Primer

GAPDH NM_002046.7 CTCAGACACCATGGGGAAGGTGA ATGATCTTGAGGCTGTTGTCATA
XBP1 NM_005080.3 CTGGTTGCTGAAGAGGAG ATGGGGAGATGTTCTGGAG
sXBP1 NM_001079539.1 CTGAGTCCGCAGCAGGTG CCAGAATGCCCAACAGGA
CHOP NM_004083.5 AGGGCCAACAGAGGTCACAC GGGCCATAGAACTCTGACTGGA
ATF4 NM 182810.2 GAAACCTCATGGGTTCTCCA GCCAATTGGGTTCACTGTCT

@ Springer



406

Barez S.R. et al.

used to compare data, and a p value <0.05 was considered
statistically significant.

Results

Inhibition of IRE1-XBP1 by STF-083010 increased
the accumulation of aggregated proteins
and intensified ERS

Previously, we demonstrated that ThT staining could show the
aggregation of mis/unfolded proteins and ERS in cells
(Shahrestanaki et al. 2019). To investigate the effects of IRE1
inhibitor (STF-083010) on ER stress, ovarian cancer cells were
first co-treated with Tm and STF-083010 (1, 10, 50 uM)
followed by ThT staining. The ThT fluorescence intensity
was increased in a dose-dependent manner after 18 h incubation
(Fig. 1). The cells co-treated with 50 uM of STF-083010 and
Tm have remarkably higher ThT intensity than Tm-treated cells
alone (1.71 £0.31 fold for OVCAR3; p<0.05, and 1.65 £0.23
fold for SKOV3; p<0.05) (Fig. la, b). Then, ERS gene response
to co-treatment with STF-083010 and Tm were also evaluated.
The results demonstrated significantly increased levels of ERS
gene expression (at 50 M) compared with Tm-treated cells

control Tm (3pg/ml)

STF (1uM) + Tm STF (10pM) + Tm

control Tm (3pg/ml) STF (1pM) + Tm STF (10puM)+ Tm

Fig.1 IRE1x-XBP1 inhibition increased the accumulation of aggregated
proteins. Ovarian cancer cells were co-treated with Tunicamycin (Tm)
and STF-083010 (1, 10, 50 uM) for 18 h. After incubation time, the cells
were stained with Thioflavin T (ThT) (a). The Thioflavin T results were
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STF (50puM)+ Tm

STF (50puM)+ Tm

(Fig. 2). The expression levels of XBP1, ATF4, and CHOP
were increased 2.5+0.75, 3+0.73 and 4.1 £0.8 fold in
OVCARS3 cells, as well, 2+0.68, 1.98 +£0.67 and 2.14 +£0.48
fold in SKOV3 cells, compared with Tm-treated cells, respec-
tively. Because sXBP-1 was generated by the RNase activity of
IREl e, sXBP-1 mRNA was significantly decreased (p<0.01)
in co-treated cells (0.33 +0.73 fold in OVCAR3 cells and 0.28
+0.53 fold in SKOV3 cells) compared with the Tm-treated
cells. The results showed that the inhibition of IRE1-XBP1
(by STF-083010) increased ER stress.

STF-080310 regulated UPR proteins pathway

To discover the effects of IRE1-XBP1 inhibition on expres-
sion levels of proteins related to UPR-mediated apoptosis, the
levels of XBP1, sXBP1, BIP, ATF4, p-PERK, PERK, CHOP,
Bim, and p-PP2A proteins in Tm and STF-083010 (50 uM)
co-treated cells were evaluated (Fig. 3). These proteins are the
most important components of UPR signaling in ER stress-
mediated apoptosis. The results indicated that XBP1 protein
was significantly increased in cells co-treated with STF-
083010 and Tm compared with Tm-treated cells (1.37 +0.41
fold for OVCARS3 and 2.11 +0.24 fold for SKOV3), which
reflected the ER stress state, whereas a reduction in sXBP1

OVCAR3

)

quantified with Image J software (b). Results were manifested as mean +
SD and *p < 0.05, **p < 0.01 versus control. #p < 0.05, ##p < 0.01 versus
Tm (3 pg/mL) considered as significant
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Fig. 2 1 IRE1x-XBP1 inhibition effected on ER stress genes. The cells
were co-treated with Tm (3 pg/ml) and STF-083010 (1, 10, 50 uM) for
18 h and mRNA of CHOP, ATF4, XBP1, and XBP-1 s were assessed

protein levels was observed in co-treated cells (0.62+0.13
fold for OVCAR3 and 0.58 £0.11 fold for SKOV3) compared
with Tm-treated cells that demonstrated the inhibitory effects
of STF-083010 on IRE1 RNase activity in both cells. BIP/
Grp78 protein level was also decreased as the target of
sXBP1 with anti-apoptotic effects (Fig. 3). Moreover, cells
co-treated with STF-083010 and Tm exhibited an enhance-
ment in CHOP, ATF4, p-PERK, PERK and Bim proteins.
Because Bim is activated by two novel pathways involving
phosphatase 2A and CHOP-/EBP-« proteins during over-
whelming ER stress (Szegezdi et al. 2006), the phosphorylat-
ed form of PP2A (p-PP2A) in both cell lines was evaluated.
When cells were treated with Tm, the p-PP2A protein level

using QRT-PCR (c). Results were manifested as mean +SD and
*p<0.05, **¥p <0.01 versus control. #p <0.05, ##p <0.01 versus Tm
(3 pug/mL) considered as significant

decreased compared with the control cells. The STF-083010
treatment, however, made no change in p-PP2A protein levels
compared with Tm-treated cells. These results indicated that
IRE1-XBP1 inhibition during ER stress increased the expres-
sion of pro-apoptotic proteins related to ER stress.

Anti-proliferative effects of STF-083010 underlying ER
stress

To determine whether the IRE1« inhibitor (STF-083010) in-
duced apoptosis, SKOV3 and VOCARS3 cells were co-treated
with various doses of STF-083010 (0.1, 1, 10, 50, and
100 uM) and Tm. Then, viability and proliferation were
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OVCAR-3 SKOV-3
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Fig.3 blockage of IRE1 with STF-083010 (50 uM) and its effect on ER stress-associated apoptotic factors (XBP1, sXBP1, BIP, Bim, CHOP, p-PERK,
PERK, ATF4, p-PP2A) in ovarian malignancy cells (OVCAR3, SKOV3) using Western blot assay. Beta-actin was used as normalization

measured using the MTT and BrdU assays (Fig. 4a,b). As
shown in Fig. 4a, cell viability was significantly decreased
after co-treatment with STF-083010 compared with Tm in
both OVCAR3 and SKOV3 cell lines. The BrdU results also
showed that STF-083010 significantly decreased proliferation
rates in both cell lines starting at 10 (p < 0.05) compared with
Tm-treated cells (Fig. 4b). Overall, the results of the MTT and
BrdU assays showed that STF-083010 developed a dramatic
anti-proliferative effect at a concentration of 50 uM in
SKOV3 and VOCAR3 cells. In the next step, the effects of
STF-083010 on apoptosis were evaluated using flow cytom-
etry. The results showed that STF-083010 increased annexin—
FITC/PI positive cells at the concentration of 50 uM
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(p <0.05) compared with Tm in both cell lines. Apoptosis
ranged from 20.2 £2.5 t0 40.23 £ 5.1% in OVCAR3 and from
21.36+2.6 to 32.5+£2.2% in SKOV3 cells (Fig. 4c). The
results indicated that STF-083010 had an apoptotic effect on
ovarian malignancy cells under ER stress conditions.

STF-083010 induced apoptosis by activation
of caspase-12 and -3 and by regulation of Bax/Bcl-2
ratio

Previous studies have reported that caspase-12 is a pro-
caspase placed in the ER membrane which plays a central
role in ER stress-induced apoptosis (Tungkum et al. 2017).
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Fig. 4 STF-083010 enhances Tm-induced ER stress and displays cyto-
toxic impact in ovarian cancer cell lines (OVCAR3 and SKOV3).
Viability and apoptosis were assessed in co-treated cells with Tm
(3 pg/ml) and STF-083010 (0.1-100 uM) using MTT assay (a) and

To clarify the molecular mechanism of the apoptotic effect
of STF-083010, the activity of caspases-12 and -3 was
evaluated. Then, the cells were co-treated with STF-
080310 (at 1, 10, 50 uM) and Tm (Fig. 5a, b), and in-
creased levels of caspases-3 (Fig. Sa, 8.2+0.37 fold in
OVCAR3; p<0.001 and 6.3 +0.28 fold in SKOV3;
p<0.01) and— 12 (Fig. 5b, 2.73+0.7 fold for OVCAR3;
p<0.05 and 2.3 +£0.57 fold for SKOV3; p<0.05) were ob-
served compared with the Tm-treated cells.

To further confirm the STF-083010-mediated apopto-
sis in ovarian cancer cells, the levels of Bcl2 (anti-
apoptotic) and Bax (pro-apoptotic) proteins in the Tm
and STF-083010 (at 10 and 50 uM) co-treated cells were
measured using western blotting. The data indicated that
STF-083010-treatment increased Bax and decreased Bcl-
2 protein expression in a dose-dependent manner (Fig.
4b). A significant increase in the Bax/Bcl-2 protein ratio
was detected (p <0.05) when cells were co-treated with
STF-083010 and Tm in comparison to the Tm group,
which revealed the apoptotic state of both ovarian cancer
cell lines (Fig. 4b). These results indicated that inhibition
of IREla-endonuclease through STF-083010 increased
SKOV3 and OVCAR3 cell apoptosis during ER stress.
STF-08310 enhanced apoptosis by activating caspases-12
and -3 and modulated the expression of Bcl-2 and Bax
proteins.

OVCAR3 (©

Apoptosis%

SKOV3

BrdU incorporation (b) and annexin—FITC/PI (c) analysis. Results were
manifested as mean+ SD and *p <0.05, **p <0.01, **#p<0,001 versus
control. #p <0.05, ##p <0.01 versus Tm (3 pg/mL) considered as
significant

Discussion

The present results showed that STF-083010, an inhibitor of
IRE1a RNase-activity, had appropriate apoptotic effects on
ovarian cancer cells. Tumor cells are dependent on optimal
UPR signaling to survive in their environment (Jain 2017).
Any interference in UPR signaling disrupts the transcriptional
adaptive program. Recently, the IRE1-XBP1 axis has been
considered as a target for cancer therapy, especially in solid
and secretory tumors such as those seen in ovarian cancer (M.
Wang and Kaufman 2014). XBP1 is activated by the IRE1
RNase domain to generate an active/spliced form of XBP1
(sXBP1) with transcriptional activity. sXBP1 regulates the
transcription of many genes, some of which restore the folding
capacity of ER stress (Jin et al. 2016). The selective pharma-
cologic inhibitors of UPR transducers have prominent thera-
peutic potency in various cell types such as IRE1« inhibitors
(Atkins et al. 2013). Several IRE1« RNase-specific inhibitors
that are related to tumor development, progression, and che-
motherapy responses have been examined in several cancer
cells, including colorectal, pancreatic, breast cancer, and mul-
tiple myeloma cells, (X. Chen et al. 2014; Chien et al. 2014;
Ming et al. 2015b; Sheng et al. 2015). However, IREl« in-
hibitors may display a various mechanism within cancer cells.
For example, STF-083010 is cytotoxic in a dose- and time-
dependent manner in MM cells. Moreover, STF-083010 dis-
plays a preferentially cytotoxicity to CD138+ MM cells
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Fig. 5 STF-083010 enhances ER stress-mediated apoptosis in ovarian
cancer cells (OVCAR3 and SKOV3). Caspase-3 and -12 activities mea-
sured by specific fluorometric assay kit (a, b) and measurement of Bax
and Bcl-2 protein levels using western blotting (c). Results were

(Papandreou et al. 2011b). XBP1 has been addressed to be
pivotal for MM pathogenesis (Carrasco et al. 2007).
Resistance MCF-7 cells, STF-083010 can reverse tamoxifen
sensitivity (Jie Ming et al., 2015). Also, IREl« inhibitor-
MKC8866 decreased production of protumorigenic factors
in TNBC cells (Logue et al. 2018). In prostate cancer,
MKC8866 reduces c-MYC levels and tumor regression
(Sheng et al. 2019). Another IRE1« inhibitor-4 pu8 C en-
hances cell death through PERK dependent autophagy in
U937 and BC3 cells (Storniolo et al. 2018).

In the current study, the anti-proliferative effect of IRE1ox-
XBP1 inhibition was determined in two ovarian cancer cell
lines undergoing Tm-mediated ER stress that were co-treated
by RNase inhibitor STF-083010. In addition, the molecular
mechanism of STF-083010 on apoptosis was investigated.
The results showed that the blockage of IRE1-RNase activity
through STF-083010 has moderate toxicity on ovarian malig-
nancy cells. An augmentation in ERS in STF-083010-treated
cells was also found. The increase in both ERS marker genes
and the rate of un/misfolded protein aggregation indicated the
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manifested as mean + SD and *p <0.05, **p <0.01, ***p<0,001 versus
control. #p < 0.05, ##p < 0.01, ###p<0.001 versus Tm (3 pg/mL) consid-
ered as significant

severity of ERS by inhibition of the IRE1-XBP1 axis. In this
study, the most prominent changes in ERS apoptotic-
associated proteins were the up-regulation of Bim and
CHOP proteins and the elevation of caspase-3/12 activity in
co-treated cells (Figs. 3 and 5a, b), the STF-enhanced expres-
sion of Bax and caspase-3 activity, and the decreased expres-
sion of Bcl-2 (Fig. 5¢), BIP, and sXBP1 (Fig. 3) proteins in
response to Tm treatment.

This study evaluated cell proliferation using the MTT and
BrdU assays. The data indicated that these cells are sensitive at
concentrations of STF-083010 in the range of 10 to 100 uM.
STF-083010 moderately enhanced cytotoxicity of tunicamycin
and significantly inhibited the growth of ovarian cancer cells.
Additionally, a more sensitive examination was performed on
annexin V/propidium iodide that showed good induction of
apoptosis at an STF-083010 concentration of 50 uM. The
annexin V/propidium iodide results revealed that STF-083010
induced both early and late apoptosis in ovarian cancer cells.
Furthermore, both ovarian cancer cell lines were responsive to
the apoptotic effect of STF-083010 in a dose-dependent
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manner. Consistent with this finding, the inhibition of IRE1-
XBP1 by STF-083010 showed great toxicity in pancreatic can-
cer and multiple myeloma cells (Chien et al. 2014; Papandreou
et al. 2011a). Similarly, the study of Logue et al. used EdU cell
proliferation assay to show significantly inhibited proliferation
of breast cancer cells (Logue et al. 2018).

In the further evaluation of the apoptotic effects of STF-
083010, the levels of anti-apoptotic Bel-2 and pro-apoptotic
Bax in co-treated cells were examined. The results showed
that Bcl-2 expression was decreased, while Bax expression
and caspases-3 and -12 were increased in the co-treated cell
lines. Primarily, it was believed that the activation of caspase-
12 initiated ERS-induced apoptosis, but now this is a contro-
versial issue. Murine procaspase-12 is well known as a cas-
pase related to ER stress apoptosis located in the ER mem-
brane (Bakhshi et al. 2008), which has high homology with
caspases-4 and -5 in humans (Saleh et al. 2004). The human
caspase-12 ¢cDNA has 68% and 57% identity to mouse
caspase-12 and human caspase-4, respectively. Human
caspase-12 is known as a more dominant-negative regulator
that inhibits the secretion of interleukin-1{ (IL-13) and IL-18.
It is not clear, however, whether human caspase-12 can also
mediate cell apoptosis specifically by endoplasmic reticulum
(ER) stress (Saleh et al. 2004). Cellular studies suggest various
mechanism of caspase-12 activation that may depend on the
cell type. A study on the mechanism involved in the activation
of caspases-12 in HEK 293 cells revealed that the kinase do-
main of human IRE1« forms a complex with human TRAF2
(tumor necrosis factor receptor-associated factor 2). In re-
sponse to ER stress, IRE1x-TRAF2 complex interacts with
transfected murine procaspase-12 and cleaves it, resulting in
the activation of caspase-12. Murine caspase-12 can also be
activated by the CHOP-ERO1a—IP3R—calcium—calpain
pathway which is a new ER-specific apoptosis pathway me-
diated by caspase-12 in mice glial cells (Martinez et al. 2010;
Tabas and Ron 2011). Another activation mechanism is cleav-
age pro-caspase-12 by caspase-7 which translocate from the
cytosol to the ER to interact with caspase-12(Kalai et al. 2003;
Tabas and Ron 2011). To date, the role of caspase-12 in hu-
man cells has not been clarified. There are few studies about
the effects of the silencing of various branches of the UPR on
caspase-12 activation and apoptosis. Moreover, some previ-
ous studies have shown that human caspase-12 can be induced
in ER stress. For example, Mandic, A et al. reported that
cisplatin induces ER stress and activates human caspase-12,
resulting in ERS-induced apoptosis in a panel of nine mela-
noma cell lines (Mandic et al. 2003). It has also been shown
previously that the apoptotic function of caspase-12 in HEK
293 and Sak?2 cell lines are affected by ER stress inducers,
including tapsigargin and brefeldin A (Bakhshi et al. 2008;
Gan et al. 2017; Rao et al. 2004). Luthra et al. confirmed
caspase-12 involvement in ER stress-mediated apoptosis in
human retinal cells (Luthra et al. 2006). Chiu et al. reported

that Tanshinone-IIA induced apoptosis in cancer cells and
increased the protein expression levels of PERK, ATF6, cas-
pase-12, IREl«, elF2«x, p-JNK, CHOP, and caspase-3 in
BxPC-3-derived xenograft tumors in a dose-dependent man-
ner (Chiu and Su 2017). Also, the activation of caspase-12 in
apoptosis has been reported in colon cancer and CCRF-CEM-
Jurkat cells (Tinhofer et al. 2002). Contrary to these results,
more recent articles have mentioned that this caspase does not
have a role in UPR-mediated apoptosis, and caspase-12 may
be related to the mitochondrial apoptotic pathway (Ruiz-Vela
et al. 2005; Saleh et al. 2006). For example, MEF deficiency
in caspase-12 displays no sensitivity to ER stress inducers
(Turlaro and Munoz-Pinedo 2016). Shiraishi et al. have report-
ed that Apaf-1 and the mitochondrial pathway of apoptosis
play an important role in ER stress-induced apoptosis where
Apaf-1 causes cleavage of caspase-3 during ER stress. Finally,
caspase-3 cuts procaspase-12 leading to activation in MEF.
Meanwhile, Shiraishi et al. have shown that neither overex-
pression nor knockdown of caspase-12 affect the cell death in
MEF cell line during ER stress (2006). Recent studies have
suggested that caspase-12 has no functional apoptosis role in
the majority of human cells and may be an inflammatory
caspase (Bian et al. 2008), while its relative, caspase-4, dis-
plays a functional role in the apoptosis related to ER stress in
most human cells (Hitomi et al. 2004). The current data dem-
onstrated that STF-083010 induced caspase-12 in both cell
lines (Fig. 5a). Apoptotic performer caspase-3 activation was
also assessed, and it was determined that its levels were in-
creased in co-treated cell lines (Fig. 5b). Recently, the inhibi-
tion of IRE1 has been effective on the tumor secretome and
production of pro-tumorigenic factors IL-6, IL-8, CXCLI,
GM-CSF, and TGF32. Therefore, the increase in caspase-12
may be a response to this effect of IRE1 inhibition that was not
evaluated in the current study.

A mechanistic study revealed that the pro-apoptotic protein
Bim is the predominant protein up-regulated after treatment
with STF-083010. Bim is a member of the Bcl-2 family of
proteins that triggers apoptotic pathways in response to cyto-
kine and particular stress conditions (Puthalakath et al. 2007).
Consistent with the current results, Bim has also been up-
regulated as a result of IRE1x-XBP1 inhibition in several
cancer types. Bim has three isoforms: short (Bim-S), long
(Bim-L), and extra-long (Bim-EL). Data in the current study
displayed the up-regulation of both Bim-L and Bim-EL in two
ovarian malignancy cell lines. When ER stress remains unre-
solved or is magnified, the apoptotic program in cells begins.
Prolonged ER stress can induce Bim through two pathways,
protein phosphatase 2A (PP2A) and CHOP (Puthalakath et al.
2007; Tay et al. 2012). The de-phosphorylation of Bim by
PP2A is a novel activation pathway for Bim-EL that prevents
its ubiquitination and degradation (Tay et al. 2012). The exact
mechanism of PP2A activation through ER stress is unclear.
Anette Hiibner et al. demonstrated that Bim-EL consists of
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several phosphorylation sites, which are partially affected by
JNK and ERK1/2 activity (Hiibner et al. 2008).
Phosphorylation through JNK enhances the pro-apoptotic
function of Bim by increasing the Bim-Bax interaction, while
ERK1/2-mediated phosphorylation reduces this interaction
(Luciano et al. 2003; Tay et al. 2012). However, phosphory-
lation of catalytic subunits causes the inactivation of PP2A.
Several studies have reported decreased p-PP2A (inactive
form) in unresolved ER stress. Therefore, the p-PP2A (phos-
phorylated and inactivated) levels after inhibition of the
IRE1x-XBP1 axis were investigated. The results showed a
significant decrease in p-PP2A levels in Tm-treated cells,
but the decrease was not significant after treatment with
STF-083010 compared with the Tm-treated cells (Fig. 3).
CHOP is another key pro-apoptotic protein associated with
ERS. It directly enhances the expression of Bim during
prolonged ER stress (Marciniak et al. 2004) and inhibits the
protein expression of Bcl-2 (Han et al. 2013; Jung et al. 2015).
When the unfolded protein response exceeds a threshold,
damaged cells become apoptotic through a mechanism that
may involve the caspase-12-, PERK/ATF4-, and ATF6-
mediated induction of the CHOP signaling pathway (Kim
et al. 2006; Rasheva and Domingos 2009). In the present
study, CHOP was up-regulated after the treatment of cells with
STF-083010, suggesting CHOP was activated through ATF4,
because PERK/ATF4s are the most powerful inducers of
CHOP expression, and ATF4 directly targets CHOP pro-
moters and causes translation induction. The protein expres-
sion of PERK/ATF4 was also investigated in the current study.
The results demonstrated elevated ATF4 levels, while the ex-
pression of P-PERK and PERK proteins was not different
after treatment with STF-083010. As well as ER stress,
ATF4 can also be up-regulated independently through oxida-
tive stress (Bagheri-Yarmand et al. 2019). Cellular studies
have shown that CHOP interacts with ATF4 and directly up-
regulates important genes involving protein synthesis leading
to the depletion of ATP, induction of oxidative stress, and cell
death (Han et al. 2013). The current data showed the ATF4
and CHOP were the main mediators of cell death after the
inhibition of the IRE1x-XBP1 axis in OVCAR3 and
SKOV3 cell lines. Similarly, multiple myeloma cells after
exposure to MKC-3946, an IRE1-XBP1 inhibitor, enhanced
apoptosis in response to ER stress by up-regulating both
ATF4/PERK and CHOP (Sun et al. 2016). However, a previ-
ous study on a panel of 11 pancreatic cancer cell lines showed
only the up-regulation of CHOP and decreased ATF4 mRNA
expression after treatment with four IRE1« inhibitors (STF-
083010, HNA, 3ETH, toyocamycin) (Chien et al. 2014).
Chien et al. reported growth arrest at the G1 and G2/M phases
by inhibition of IRE-RNase activity. Their results showed an
increase in cleaved caspase 3 and PARP (Poly (ADP-ribose)
polymerase), and prominent induction of BIM. (2014). Logue
et al. demonstrated that constitutive IRE1 RNase activity has a
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more highlighted role in the maintenance of a pro-tumorigenic
secretome than survival pathways directly. They also showed
that the inhibition of IRE1-XBP1 is more effective in combi-
nation with chemotherapeutic agents and reduces only breast
cancer cell proliferation. Their results showed there was no
difference in either ATF6 processing or CHOP induction and
PERK phosphorylation after treatment with MKC886 in triple
negative breast cancer cells (Logue et al. 2018). This diversity
may be due to differences in constitutive IRE1 RNase activity,
or in molecular characteristics and complexities among tumor
types and cell lines. Altogether, this suggests that the inhibi-
tion of IRE1 can display varies effect on UPR protein expres-
sion in different cancer types and other unreported mecha-
nisms may also be involved in the apoptotic effects of STF-
083010 in ovarian cancer cells such as autophagy and inflam-
matory responses. However, the current results showed that
protein and mRNA levels of ATF4 and CHOP, as well as BIM
protein, were mildly induced by STF-083010 in ovarian can-
cer cell lines, leading to apoptosis during ERS. Although there
were no significant differences between the expressions of
UPR-related proteins like BIM and CHOP (according to the
amount of B-actin expression) in two cell lines, SKOV3 cells
did show a greater survival rate compared with OVCAR3.
Thus, SKOV3 has more resistance than OVCAR3 to IRE1
inhibition and ER stress. This difference in susceptibility
may be due to the genotypic and phenotypic differences or
the different STF-083010-metabolism in each cell line which
it needs to more investigate. Generally, SKOV3 is a more
invasive cell line compared with OVCAR3 that has shown
more resistance to several cytotoxic drugs, such as cisplatin
and flavonoids(Sak 2015). However, the pattern of changes
was similar in both cell lines according to our results.

In this study, GRP78/BIP was investigated as the most
important ER chaperone (A. S. Lee 2005). Indeed, sXBP1 is
a transcription factor that promotes the expression of a variety
of chaperones, such as GRP78 (A. H. Lee et al. 2003). The up-
regulation of GRP78 is introduced as a worse prognostic
marker in many cancer types such as ovarian cancer (Delie
et al. 2012). Previously, it was reported that GRP78 acts as a
central component in the survival, proliferation, and develop-
ment of tumor cells, for which the reduction of GRP78 can be
a pivotal therapy (Dong et al. 2008). However, the expression
of GRP78 was mildly reduced after the exposure of ovarian
cancer cells to STF-083010. This suggests that the inhibition
of IRE1x-XBP1 enhances the accumulation of mis/unfolded
proteins and may cause compensatory up-regulation of
GRP78. Thus, we evaluated the intensity of accumulated
mis/unfolded proteins by ThT assay (fluorescence dye-
binding mis/unfolded proteins), and ER stress markers were
measured using RT-PCR in STF-083010-treated cells in re-
sponse to Tm treatment. The results showed increased aggre-
gation of mis/unfolded proteins after IRE1-XBP1 inhibition
which augmented ER stress.



Mechanism of inositol-requiring enzyme 1-alpha inhibition in endoplasmic reticulum stress and apoptosis in... 413

Conclusion

In conclusion, the present study has shown that inhibition of
IRE1-XBP1 (using STF-083010) can partially enhance the
expression of pro-apoptotic ATF4, CHOP, and Bim proteins
and modestly decrease BIP protein in response to tunicamycin
in OVCAR3 and SKOV3 cell lines. STF-083010 may offer a
therapeutic advantage for ovarian cancer by reducing the
growth and viability of the cells. Further in vivo studies will
be necessary to determine the effects of STF-083010 in the
tumor microenvironment condition in ovarian cancer.
However, we are a long way from designing a therapeutic
approach which is specific for tumor cells by suitable pharma-
cokinetics. Therefore, future studies are needed to target the
IRE1-XBP1 inhibitors.
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