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Targeting endoplasmic reticulum stress signaling in ovarian
cancer therapy
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ABSTRACT The endoplasmic reticulum (ER), an organelle present in various eukaryotic cells, is responsible for intracellular protein synthesis,
post-translational modification, and folding and transport, as well as the regulation of lipid and steroid metabolism and Ca**
homeostasis. Hypoxia, nutrient deficiency, and a low pH tumor microenvironment lead to the accumulation of misfolded or
unfolded proteins in the ER, thus activating ER stress (ERS) and the unfolded protein response, and resulting in either restoration of
cellular homeostasis or cell death. ERS plays a crucial role in cancer oncogenesis, progression, and response to therapies. This article
reviews current studies relating ERS to ovarian cancer, the most lethal gynecologic malignancy among women globally, and discusses
pharmacological agents and possible targets for therapeutic intervention.
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. most patients manifest recurrent disease within 18 months and

Introduction P , ‘ e

develop drug resistance leading to therapeutic failure’. Notably,

. the histopathology of ovarian tumors is heterogeneous, and

Ovarian cancer (OC) P 8y , . eTo8 ,
each OC subtype bears genetic mutations, which determine the

. . . ) efficacy of molecularly targeted treatments. Currently, targeted
OC is the most mortality of gynecologic malignancy world-

wide. Epithelial OC (EOC) accounts for approximately 90%
of ovarian neoplasm cases!. According to GLOBOCAN 2018
database? estimates, 295,400 new cases of OC were diagnosed,
and 184,800 deaths due to OC occurred. In China, population

therapies such as antiangiogenic drugs (such as bevacizumab,
a recombinant humanized monoclonal IgG1 antibody target-
ing vascular endothelial growth factor-A) or poly(ADP-ribose)
polymerase (PARP) inhibitors are clinically applied to improve
) ) 5 the outcomes of this malignancy. Nonetheless, this treatment is
aging aggravates the cancer burden in urban and rural areas”. . . . ] L
e oo . . o effective only in patients with homologous recombination defi-
Statistics from 2016 indicated an ovarian carcinoma incidence
and mortality in China as high as 57,200 cases and 27,200

deaths, respectively®. The 5-year overall survival rate is <45%

ciencies®. Therefore, the identification of molecules responsible
for OC development and progression is essential for both early
detection and the development of novel therapeutic approaches
for OC.

and decreases to 25% for advanced OC?. Because of a lack of
early screening methods and an absence of clear symptoms dur-

i ly OC stages, than 75% of patient di d . .
g carly L% stages, more than 7070 Of palients are ciaghose Endoplasmic reticulum stress (ERS) and the

unfolded protein response (UPR)

in an advanced stage®. Debulking surgery with platinum-based

chemotherapy is the first-line therapeutic strategy; however,

ERS occurs in tumor cells exposed to intrinsic factors (onco-
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genic activation, chromosome number alterations’, and exac-

stasis, thus resulting in the accumulation of unfolded or mis-
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1 (IRE1), activating transcription factor 6 (ATF6), and pro-
tein kinase RNA-like endoplasmic reticulum kinase (PERK),
are induced, thereby resulting in either adaptive restoration
of homeostasis or cell death!!. The critical roles and signaling
networks of the UPR in ovarian carcinoma are illustrated in

Figures 1 and 2.
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IRE 1 pathway

IRE10 and IRE1P are 2 isoforms of IRE in mammals. IRE1o
is ubiquitously expressed and has been extensively studied,
whereas IRE1 is expressed primarily in the gastrointesti-
nal and respiratory tracts?®. IRElo. is both a kinase and an

endo-ribonuclease (RNase), which dimerizes/oligomerizes
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Figure 1 Critical roles of the endoplasmic reticulum unfolded protein response (UPR) in UPR in OC. The UPR is involved in various biologi-
cal processes in OC that are closely associated with apoptosis'?13, ROS, mitochondrial dysfunction>1, non-apoptotic cell death'”18, DNA
damage!®?, drug resistance?!, autophagy??, the cell cycle?3, and senescence?*. OC, ovarian cancer; ROS, reactive oxygen species; ICD, immu-
nogenic cell death; MMP, mitochondrial membrane potential; TrxR, thioredoxin reductase; DAMPs, damage associated molecular patterns;
CRT, calreticulin; HMGBL, high mobility group protein B1; H2AX, H2A histone family, member X; Alix, apoptosis inducible factor 6 interacting
protein; GRP78, glucose regulated protein 78; ATM, ataxia telangiectasia-mutated.
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Figure 2 The primary UPR signaling network in OC. In response to the accumulation of unfolded/misfolded proteins (UP), GRP78 dissociates
from the 3 UPR sensors (IRE-1, ATF6, and PERK), thus leading to activation of IRE-1, ATF6, and PERK. (1) Activated IREla splices XBP1 mRNA
into XBP1s. XBP1s translocates to the nucleus and induces the expression of UPR target genes including GRP78 and GRP94, and elicits ERAD
or autophagy. (2) Activated ATF6 translocates to the Golgi, where it is cleaved by the site 1 and site 2 proteases, thus generating an active
transcription factor. (3) Oligomerized PERK phosphorylates elF2o. and inhibits global translation, but concomitantly induces the expression
of ATF4, which in turn activates CHOP expression under extreme conditions, thereby resulting in apoptosis. (4) Intracellular Ca?* translocates
from the ER to mitochondria, and ultimately leads to mitochondrial dysfunction and cell apoptosis. (5) DAMP signals, such as CRT transloca-
tion, HMGBL, and ATP release, are induced in response to ER stress and activate anti-tumor immunity. ER, endoplasmic reticulum; UP, unfolded
or misfolded proteins; IRELq, inositol-requiring enzyme 1; ATF6, activating transcription factor 6; PERK, protein kinase RNA-like endoplasmic
reticulum kinase; XBP1, X-box binding protein-1; GRP78, glucose regulated protein 78; ERAD, ER-associated degradation; DAMPs, damage
associated molecular patterns; ICD, immunogenic cell death; elF2¢, eukaryotic translation initiation factor 2o; CHOP, C/EBP-homologous pro-
tein; ERO1o, endoplasmic oxidoreductin-1-like protein o; Bim, Bcl-2 interacting mediator of cell death; DRS5, death receptor 5; LC3, light chain
3; Hsc70, heat shock protein 70; OCs, ovarian cancer cells; DCs, dendritic cells; TNF-o, tumor necrosis factor o; IFN-y, interferon .

and auto-trans-phosphorylates under ERS, thus leading to the
activation of endo-RNase. Active IRE1c catalyzes the excision
of a 26-nucleotide intron within the X-box binding protein-1
(XBP1) mRNA, and RNA-splicing ligase RTCB-mediated
ligation of the remaining 5" and 3’ fragments®® shifts the
reading frame, thus resulting in translation of a stable and
active transcription factor known as XBP1s (spliced form).
XBP1s modulates the expression of several UPR target genes
involved in ER folding, glycosylation, and ER-associated deg-
radation (ERAD)?. In addition, IRE1/RNase activity targets
other mRNAs and microRNAs via regulated IRE1-dependent
decay (RIDD), a novel UPR regulatory pathway that controls

cell fate under ERS?. In addition to activating ribonuclease

activity, IRElo recruits the adapter target c-Jun N terminal
kinase 1 cytoplasmic receptor-associated factor 2 (TRAF2),
which in turn activates apoptosis signal-regulating kinase 1
(ASK1) and its downstream target c-Jun N terminal kinase
1 (JNK/MAPK8/SAPK1)¥. This signaling pathway subse-
quently activates the nuclear factor-xB (NF-xB) pathway
under ERS*,

ATF6 pathway

ATF6 is a type II transmembrane protein exhibiting tran-
scription factor activity in its cytosolic domain. Under ERS,
ATF6 shuttles to the Golgi apparatus and is cleaved by spe-
cific site 1 and 2 proteases (S1P and S2P), thus leading to
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the release of the cytosolic fragment of the protein ATF6.
In cooperation with XBP1s, ATF6f up-regulates many genes
that increase ER size and protein-folding capability, as well
as genes associated with ERAD of misfolded proteins!!3!.
Under irreversible ERS, ATF6 decreases levels of antiapop-
totic proteins, such as myeloid cell leukemia-1 (Mcl-1)3.
Nevertheless, the role of ATF6 in ERS-induced cell death

remains to be better explored.

PERK pathway

After ERS activation, PERK inhibits global protein transla-
tion via trans-autophosphorylation and phosphorylation of
the eukaryotic translation initiation factor (eIF2a) at serine
51, thereby decreasing the burden of newly synthesized pro-
teins. Furthermore, activating transcription factor 4 (ATF4)
mRNA is selectively translated; this mRNA plays an impor-
tant role in amino acid metabolism, antioxidant response,
autophagy, and protein folding?’. ATF4 expression is also
essential for the activation of apoptosis via the regulation
of C/EBP-homologous protein (CHOP), which upregulates
pro-apoptotic members of the B-cell lymphoma-2 (BCL-2)
protein family®?, thereby inhibiting cell growth and promot-
ing DNA damage!®. Activation of the ATF4-CHOP pathway
induces growth arrest and expression of DNA damage-
inducible protein 34 (GADD34), an adaptor of eIF20. phos-
phatase PP1lc, which in turn modulates e[F20. dephospho-
rylation, and recovery from stress or proteotoxicity®*3.
Nuclear factor erythroid 2-associated factor 2 (Nrf2)%¢ is also
phosphorylated by PERK, and consequently transcription-
ally up-regulates antioxidants and other components that
protect against oxidative stress. The PERK-mediated transla-
tional cascade is also required for the activation of NF-xB in
cancer cells®”. Overall, the UPR is a central player in tumor

38:39 representing an attractive therapeutic target

progression
in many solid and blood neoplasms*’. In the next section, we
summarize studies associating the UPR with the evolution of

ovarian carcinoma.

Overview of components participating
in ERS signaling in OC

Chronic ERS and defective UPR signaling are emerging as
critical players in an increasing numbers of human diseases,
including OC.

751

ER-resident components involved in OC

Multiple molecular chaperones are enriched in the ER, where
they ensure normal folding of newly synthesized proteins. The
major ER chaperone glucose regulated protein 78 (GRP78)
is extensively expressed in human neoplasms. Accordingly,
elevated levels of GRP78 in OC tissues are correlated with
poor patient prognosis*'. Functionally, GRP78 is weakly
expressed in cisplatin-sensitive OC cells, and it mediates
cisplatin-induced senescence?®. Another ER chaperone pro-
tein, disulfide isomerase (PDI), is also highly abundant in OC
tissues and predicts poor prognosis in patients diagnosed with
OC*L Furthermore, tumor suppressor candidate 3 (TUSC3),
an ER localized protein responsible for N-glycosylation of
proteins, is often lost in epithelial cancers, thus triggering
ERS and inducing hallmarks of the epithelial-to-mesenchy-
mal transition (EMT) in OC cells*2. In our previous study, the
UPR signaling component XBP1 was found to be upregulated
in OC cell lines. Knockdown of XBP1 significantly inhibits
cell propagation and enhances the sensitivity of OC cells to
H,0, by elevating intracellular ROS levels®. Inhibition of the
IRE10/XBP1s branch alone or in combination with immune
checkpoint blockade provides a therapeutic strategy for sev-
eral cancer types with frequent coactivator-associated argi-
nine methyltransferase 1 (CARM1) overexpression, including
OC*, Furthermore, pharmacological inhibition of the IRE1a/
XBP1 pathway alone or coupled with histone deacetylase 6
(HDACS6) inhibition is urgently needed therapeutic strategy
against AT rich interactive domain 1A (ARID1A)-mutant
OCs*. Moreover, key functions of UPR signaling have been
established in the regulation of tumor stromal cells. For exam-
ple, activation of IRE10.-XBP1s reprograms tumor-associated
dendritic cells and T cells, thereby impairing anti-tumor activ-
ity in OC*o47,

Molecules participating in ERS signaling in OC

Beyond the ER-resident components involved in OC, several
molecules have been confirmed to participate in the chemore-
sistance of OC via the ERS signaling. For instance, overex-
pression of ankyrin repeat domain 1 (ANKRD1) or pleckstrin
homology like domain family A member 1 (PHLDA1) in ovar-
ian carcinoma correlates with poor survival, and upregulation
of these proteins in OC cell lines modulates cell apoptosis via
the ERS pathway*®*. The ubiquitin-binding protein p62/
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SQSTM1 (sequestosome 1) is abundant in cisplatin-resistant
SKOV3 cell lines and prevents ERS-mediated cell apoptosis,
thereby leading to cisplatin resistance. Knockdown of p62
re-sensitizes resistant cells to cisplatin®. Twist expression
is strongly associated with the expression of DNA damage
response proteins, whose upregulation contributes to cisplatin
resistance in OC cells. Notably, the combination of niraparib
and cisplatin has been found to be considerably effective
against 3D cultures of Twist silenced, cisplatin-resistant OC
cells with upregulated ERS, thus leading to the initiation
of mitochondrially mediated cell death®’. WW domain-
containing oxidoreductase (WWOX), which is frequently lost
in several cancers, sensitizes EOC to paclitaxel via ERS-induced
apoptosis, and is predictive of clinical outcomes in patients2.
Therefore, ERS response mechanisms can be targeted to
resolve chemoresistance in cancer. Additionally, the dysregu-
lation of ubiquitin carboxyl-terminal hydrolase L1 (UCHLI),
receptor tyrosine kinase-like orphan receptors (ROR2), and
angiotensin II receptor (AGTR1) in OC has been found to
predict poor outcomes in patients, thus suggesting that strate-
gies targeting ERS relevant components may provide potential
therapeutic benefits®>->>. All the above factors mediating OC
via ERS signaling are summarized in Table 1. Therefore, tar-
geting UPR components or factors relevant to ERS signaling as
a therapeutic strategy to combat ERS-associated pathologies is

a promising future research direction.

Studies on pharmacological agents
targeting ER homeostasis in OC

UPR signaling is believed to be a self-protection mechanism
in cells. Nevertheless, if the intensity or duration of cellular
stress is elevated, these pathways instead activate cell death.
Therefore, regulation of UPR signaling components has the
potential to either stimulate or attenuate protein folding, and
to have therapeutic effects in diseases such as diabetes and
neurodegenerative diseases, or in the induction of apoptosis,
thus enabling anticancer strategies®®. To date, the mechanisms
defining the threshold that switches UPR signals from adap-
tive cellular protection to proapoptotic cell death or vice versa
remain to be elucidated. ERS activation is intricately involved

in signaling pathways including cellular autophagy®>’

60,61

, OXi-

dative stress®®*®, Ca?* homeostasis®®!, apoptosis®’, metabolic

12,62

disorders'?>%2, and inflammatory responses®®*’. Thus, clarifi-

cation of the ERS pathway, and the rationale for drug design

Yan et al. Targeting ER stress signaling in OC therapy

and implementation, are key challenges. We next review the
pharmacological agents targeting the ERS signaling in ovarian

carcinoma.

ERS-mediated autophagy induced by
pharmacological agents resulting in either
protective or anti-tumor effects in OC

The UPR is indispensable for the adaptation of cancer cells
to rapid growth, hypoxia, nutrition deprivation, and chem-
otherapies. The UPR restores cellular homeostasis, thereby
leading to degradation of unfolded and/or misfolded proteins
via autophagy or ERAD. Nonetheless, the UPR also results
in cell death under certain circumstances®. For instance,
OC cell apoptosis induced by metformin (a first-line treat-
ment for type 2 diabetes) has been found to be abrogated
by autophagy and PERK activation®; however, in another
study, metformin has been found to promote the apop-
tosis of OC cells via ERS induction®. Similarly, quercetin
(3,3",4’,5,7-pentahydroxyflavone) has been reported to induce
ERS, thus concomitantly promoting protective autophagy by
activating the signal transducer and activator of transcrip-
tion 3 (p-STAT3)/BCL-2 axis®. Intriguingly, one study has
demonstrated that quercetin suppresses DNA double-strand
break repair and enhances the radiosensitivity of human
OC cells via a p53-dependent ERS pathway®’. Another study
has indicated that quercetin enhances the apoptosis of OC
cells exposed to tumor necrosis factor-associated apopto-
sis-inducing ligand (TRAIL) by upregulating death recep-
tor 5 (DR5) expression after ERS®. Furthermore, the HIV
protease inhibitor saquinavir induces ERS-regulated cellular
autophagy through the mTOR and Beclin 1 pathway, and
decreases the sensitivity of SKOV3 to cisplatin®, whereas
saquinavir has also been reported to promote cell death in
OC cells characterized by ERS activation and autophagy?2.
These contradictory results suggest that a balance may
exist between cell death and survival, as mediated by ERS
involved in autophagy, according to the degree and dura-
tion of drug stimulation. Some pharmacological compounds
exert anti-tumor effects via induction of ERS and autophagy.
For example, the flavonoid kaempferol inhibits cell prop-
agation and induces apoptosis in A2780 cells by triggering
ERS-mediated cytotoxic autophagy>®. B19 (a novel monocar-
bonyl analogue of curcumin) induces apoptosis in human

OC cells via activation of ERS’° and the autophagy signaling



Cancer Biol Med Vol 20, No 10 October 2023 753
Table 1 Components in ERS signaling implicated in OC
Molecule Expression Effects Reference
ARID1IA  Mutated in more than 50% of OCCC  Defining the IRE1a-XBP1 axis of the ERS response as a targetable vulnerability 4°
for ARID1A-mutant OCCC
ANKRD1  Up-regulated in OC cells (vs. normal  Inducing platinum resistance 48
control)

AGTR1 Up-regulated in OC tissues (vs.
normal tissues)

Correlating with poor outcomes and increasing lipid desaturation via SCD1 55
upregulation, thus ultimately decreasing ERS in multicellular spheroids

CARM1  Up-regulated in approximately 20%  Hypersensitivity to inhibition of the IRE1o/XBP1s pathway, alone or in a4
of HGSOC combination with immune checkpoint blockade

GRP78 Up-regulated in OC tissues (vs. Correlating with worse patient survival 41
normal tissues)

GRP78 Weak in cisplatin-sensitive OC cells Mediating cisplatin-induced senescence 24

PDI Up-regulated in OC tissues (vs. Correlating with poorer patient survival 41
normal tissues)

p62 Up-regulated in cisplatin-resistant OC Preventing ERS-induced apoptosis, and leading to cisplatin-resistance 50
cells (vs. cisplatin-sensitive control)

PHLDA1  Up-regulated in OC tissues (vs. Correlating with poorer patient survival; modulating cell apoptosis via the 49
normal tissues) ERS pathway

ROR2 Down-regulated in HGSOC tissues Association with HGSOC development and progression; overexpression of 54
(vs. normal tissues) ROR2 induces cell apoptosis via IRELo/JNK/CHOP pathway activation

Twist Up-regulated in cisplatin-resistant OC Association with cisplatin-resistance and ERS induction, thus leading to 51

cells (vs. cisplatin-sensitive control)

TUSC3 Often lost in epithelial cancers

initiation of mitochondrial-mediated cell death

Association with poor prognosis; loss of TUSC3 alters the molecular response to 42

ERS and induces hallmarks of epithelial-to-mesenchymal transition in OC cells

UCHL1 Up-regulated in HGSOC tissues (vs.
normal tissues)

WWOX  Frequently lost in several cancers
response
XBP1 Up-regulated in T cells
XBP1 Up-regulated in dendritic cells
XBP1 Up-regulated in OC cells

Correlating with poor patient survival; UCHLL inhibition attenuates mTORC1 >3
activity and induces a terminal ERS response

Mediating the sensitivity of OC cells to paclitaxel via modulation of the ERS ~ >2

Decreasing intra-tumoral T cell infiltration and impairing anti-tumor capability 47
Driving OC progression by blunting anti-tumor immunity 46

Promoting cell proliferation and decreasing the sensitivity of OC cells to H,0,

ANKRD1, ankyrin repeat domain 1; ARID1A, SWI/SNF component; AGTR1, Angiotensin II receptor; CARML1, type I protein arginine
methyltransferase; GRP78, 78 kDa glucose-regulated protein; HDACS, histone deacetylase 6; HGSOC, high grade serous ovarian cancer; OC,
ovarian cancer; OCCC, ovarian clear cell carcinomas; PDI, protein disulfide isomerase; PHLDA1L, pleckstrin homology-like domain family A
member 1; ROR2, receptor tyrosine kinase-like orphan receptors; TUSC3, tumor suppressor candidate 3; UCHL1, ubiquitin carboxyl-terminal
hydrolase L1; WWOX, WW domain containing oxidoreductase; XBP1, X-box binding protein-1.

pathway’!. Trans10, cis12-conjugated linoleic acid (occur-
ring naturally in dairy products and red meat) has also been
identified to inhibit the proliferation and migration of OC
cells through activating ERS and autophagy’?. Mifepristone
sensitizes OC cells to proteasome or lysosome inhibitors by

inducing ERS and autophagic flux’®. The aforementioned

studies have indicated that ERS signaling and autophagy may
be used by OC cells to survive in the hostile tumor microen-
vironment; however, extensive stress and autophagy might
result in cell death in OC, thereby suggesting a need for ther-
apeutic strategies targeting ERS signaling or autophagy in

cancer therapy.
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Pharmacological agents inducing ERS-
mediated anti-tumor effects involve apoptosis
and non-apoptotic cell death in OC

As described above, ERS has antipodal functions in the pro-
gression of OC. Beyond the protective effects of ERS on
OC cell fate, most compounds like ABT-737, GYY4137 and
Garcinone E etc. tend to exert anti-tumor effects directly via
ERS induction’##2, ERS mediated OC cell death also includes

t12,15,16,60,83—85

caspase-dependen or caspase-independent cellular

apoptosis!>®-% and non-apoptotic cell death such as immuno-

genic cell death (ICD)!'78-9 and paraptosis-like cell death!®2,

Apoptosis of OC cells mediated by ERS

The 3 main sensors (PERK, IRE1, and ATF6) and their down-
stream cascades are involved at different levels in cell death
induced by unresolved ERS, among which the PERK/ATF4/
CHOP pathway plays a critical role in cell destruction!32093-95,
The pharmacological agent cucurbitacin I induces OC cell
death via CHOP- and caspase-12-dependent ERS-associated
apoptosis®. o, B-thujone leads to cell death via activation of
ERS, DNA damage, and caspase-dependent apoptotic path-
ways!2. ERS- and caspase-dependent apoptosis is also induced
in OC cells treated with pimaric acid®® or valosin-containing
protein inhibitors®4. Furthermore, caspase-independent
pathways such as the JNK branch of the IRE1 signaling also
promote cell death®. For example, low levels of glucose
and metformin have been reported to induce apoptosis of
human OC cells via activation of the ERS-associated ASK1-
JNK pathway®. Sodium 4-carboxymethoxyimino-(4-HPR)
(a novel water-soluble derivative of 4-oxo-4-HPR) exhibits
anticancer activity against solid tumors in vivo and in vitro
through ERS-activated p-JNK signaling, and fenretinide
(a synthetic retinoid) induces apoptosis via a ROS-dependent

mechanism involving ERS and JNK activation®”-°.

Nonapoptotic cell death mediated by ERS in OC

Beyond ERS-mediated caspase-dependent/independent apop-
tosis, some agents induce ICD or paraptosis-like cell death.
ICD denotes a specific variant of regulated cell death driven by
stress and the induction of adaptive immunity against the anti-
gens of dead cells. For instance, ERS induced by thapsigargin
or doxorubicin partially regulates the release and binding of
calreticulin (CRT, an ER chaperone) to the surfaces of OC cells,
where it releases an “eat me” signal and activates anti-tumor

adaptive immune responses®®. CRT exposure on the surfaces

Yan et al. Targeting ER stress signaling in OC therapy

of primary and metastatic high grade serous OC cells is driven
by a chemotherapy-independent ERS response and culmi-
nates in the establishment of a local immune microenviron-
ment characterized by Th1 polarization and cytotoxic activity,
thus enabling superior clinical benefits®®. Benzenesulfonamide
(a mitochondrial uncoupler) activates ERS sensors, as well as
growth inhibition and apoptosis promotion, thus resulting in
ICD and anti-tumor immune effects!”. Lau et al. have reported
that paclitaxel induces ICD-associated damage-associated
molecular patterns (DAMPs, such as CRT exposure, ATP
secretion, and high mobility group box 1 release) in OC in
vitro and elicits significant anti-tumor responses in tumor vac-
cination assays in vivo®®. In addition, paraptosis, first reported
in 2000'%, is a caspase-independent form of programed cell
death, characterized by the absence of classical apoptotic
features such as apoptotic body and chromatin agglutina-
tion!%%101, The morphological features of paraptosis are also
distinct, including swollen ER or mitochondria and cytoplas-
mic vacuolization!®2. De novo synthesis of proteins and ERS
are also essential for paraptosis. Morusin (a prenylated flavo-
noid extracted from the root bark of Morus australis) induces
paraptosis-like cell death via activation of ERS and mitochon-
drial Ca?* overload and dysfunction in EOC®2. Another study
has found that the novel rhein derivative 4a induces parap-
tosis-like cell death by ERS in OC cells'®. Cucurbitacin I has
also been proposed to mediate ERS-dependent autophagy, and
caspase-independent nonapoptotic cell death®. Several phar-
macological agents that target ERS signaling for the potential

14,103-109
>

therapy of OC, described above or in prior studies are

summarized in Table 2.

Concluding remarks and future
perspectives

On the basis of in vitro and in vivo experiments, the activation
of UPR has been shown to modulate processes including the
cell cycle, oxidative stress, autophagy, cell death, and chemore-
sistance in OC (Figure 1). This review summarizes studies
on UPR components and pharmacological compounds that
target ERS-associated pathways in OC. Small molecules that
specifically target components of the UPR signaling network
are promising potential therapeutic interventions. Therefore,
the UPR is emerging as an appealing therapeutic target; how-

ever, the benefits and risks of modulating the UPR in any



755

2 sisoydode pue ‘ABeydoine ‘Sy3 Bupnpur 219 ‘€YYIAO ‘EAOVD ‘EAONS ‘08LZY 941V/8.d¥D lineuinbeg
6 EAOMS Ul daa 4o Anasuss sy buiseadap ‘sy3 bupdnpu] EAOMNS 8/dY¥D Jineuinbes
(DOSOH jo

06 S¥3 pue yieap [|92 diusbounwiwi Bupnpul [9pow aulnw) s|j92 £48A1 pue s||92 8Al 0z412(d) ‘NY3d |9Xxeyoed
Buijeubis

gz SYI pue abewep yNQ 3uabizauod ybnoiys s|jd DO Bull|i €4VIAO 'EAONS ezdP qiuneisN

15 sisoydode pue 33 Bunpu SID/EAOMS 'S12/06A0 'EAONS '06A0 dOHD 941V '8/d¥D unedsi> ‘quedelN
uoniqiyui swoseajoid Aq pasned

A3121x03 Jo uonenualod pue ‘Juswdiedwi [ewososA| ‘abewep 941V dOHD 'T-3¥I

0z VYNQ ‘sisayuAs uigioid Buieinpow pue “ydn Budnpul €203d 'Y103d '903d 'YO3d 'TO3d  ‘v4LV "0z413(d) MY3Id '8LdYD JIneuly|aN
sisoydode pue suiajoid pajeldosse-Syg jo

v6 UoIssaidxe Bunejnbai ybnouyy syoaye Jedued-nue Huniasxy 06A0 'ZS3 dOHD 741V Myid-d uidayloiyis |\l
S|I®> 20

g bunpy pue xnjy o1beydoine Buiseanul “ydn ay3 butiabbig EAOMS 's12/800ZA0 '800ZAO dOHD '8/d¥D suosHdapIN
SY3 pue abewep

g  |BHPUOYDO}IW pajelpawl-THSY vl sisoydode |j92 Budnpu 0T680OH '€-4VIAO "EAOIS  9sedsed dOHD “MINf(d) UlWIofsN
MY3d pue Abeydoine

o JO uonqIyul Aq S||92 DO UO S309}49 Jaduediue buipiaxgy €-4VYDAO ‘T-Vd 0z419-d “Ny3id-d ‘p41v UIWIONBIN

uoneAlde YN pue Sy3 buiajoaur wisiueydaw MNf(d)
66 spuadap-5Oy e 14 5|32 DO 0 sisoxdode BuPNPU €-¥YIAO ‘T-AOYDI “ddH/08L2Y ‘08L2Y  "0Z413(d) ‘8/d¥D dOHD ‘TddX aplunaius4

uiaro.d onausboydiow suoq
|eyusde|d oinoydodeoud Jo uoidNpuUl pue ‘uoileAilde MNf

g6 '@suodsai Sy3 ‘uonessusb SOy ybnoiyy sisordode budnpu] €-4VOAO 082V SINP-d aplunaIua
vz 92Uds8UBS BuPNpPU] SID/NETD '08LCV 8/dY¥D uneidsid
S109440 Jowny-1aue disibiauAs ul Buiynsas sny (EAOMS pue 's1>/08/2V ‘08/2V 'TVd 07-T047 ‘uIxaujed
oty ‘uonedidai T-ASH 2114j0duo Buiseasdul pue ydn Budnpur  Buipnppul |82 DO) $||92 J92ued SNOLIBA dOHD ‘T-3¥I MY3d '8/d4D giwozaylog
€ sisoydode pue ‘}saute 3242 195 ‘Sy3 Bunelpaiy €-4VDAO '€-AOMS €41V glwozaylog
Sy3 Bupnpu
<6 pue wsijoqeaw ABJaua |elpuoydoyw buissaiddng 060 'ZS3 dOHD "MY3d-d '8/d¥D aulydiowody
Sy3 Buiseadap pue ‘s||22 D03 Ss|opow yeibousx
ss JO sisejsejaw eauoyliad pue uonewloy SO Buowold pue 's||3> 6ZVIAO PUe 082V dOHD “¥3d(d) '8.d¥D 11 uisusjolbuy
sbnup |eowulD
EREYETEN| S109)43 [9POW 0AIA U1 IO OJ}IA Uf Jojelpawl Ydn Jusby

Cancer Biol Med Vol 20, No 10 October 2023

DO Ul siseysoawoy Y3 bunabuey syuabe jedibojodewleyd g ajqeL



Yan et al. Targeting ER stress signaling in OC therapy

756

0T

skemyyed

S¥3 pue [eupuoydoyw ybnouyy sisoydode bupnpug

cor  Sd3 Bunennoe Aq sabewep |j2 esojnuesb ueneao Budnpug

o8 Kemyzed sy¥3 ay1 ybnouyy yyeap |92 Jadued bupnpug

08

skemyied sy3 oiydads ybnouyy sisoydode Bupnpug

6, ddN AQq paieipaw yieap |92 Apuanbasgns pue sy3 budnpu]

sisoydode [j92 Bupnpul ‘uoiebaibbe |90

- pue ‘uoissaiboid 324> |92 ‘uorrelayijold |92 buissaiddns

a8

uolissalbal Jowny bupnpul "Y4dn dY 40 UOIIBAIDY

s||22 DO uewny

” jueisisal-uije|dsid ul sisoydode pajeldosse-sy3 bupnpug

Kemyzed buijeubis Abeydoine ay3

1, Pue Sy3 Jo uoneande o sisoydode |92 DO uewny budnpu]

o, Uononpoud SOy pue Sy3 1A s|j92 DO ul sisoydode Budnpur

yieap |92 d1uabounwwi pue sisoydode bupnpul

41 'S9suodsas sunwwi aandepe Jowni-ijue pue Sy3 buneandy

T

skemyjed d3oydode

juspuadap-asedsed pue bulwwelboidal dijogeiaw
pa1eId0sse-ssalls Jen|j@deJiul ajdinw bunenbay

s||92 DO uewny ul uonanpsuely jeubis , 2D |eLpUOY0UW

VL

€11

[49

1 Bunowoud pue ‘uonesbiw pue uonessyoid |22 Buni

-¥3 bune|nbas Aq sduelsisal une|dsid buisianay

sisoydode [|90 paieipaw-Sy3 Bupnpug

Sy3 pue sisoydode Bupnpug

sisoydode

[opow Jowny payeibousx e pue
'S|192 3SOI pue 0£dD ‘08LZV ‘€EAONS

YEYAOD

ENOIS

€-SO-NL "EAOS 'ST-D0M "€-NIHS i

08L2vY

SI192 06A\0 'ZS3

(¢S3 pue 'T-AOY9I ‘€-4VDIAO

Buipnpdul s|192 DO) S||92 42dULd SNoLIeA

SDEAOMS 'EAONS

0T680OH
0LdD '08L2VY

|[opow asnow e pue

'saul| |92 D03 panusp-jusned ‘08/zy

SI192 06AO 'ZS3

SI2/08£ZV 'S12/TD0D 'SIP/ENONS

(€-4VvDNO

Buipnjoul sjj22 DQ) S|[92 Jadued SNoLeA

AJH '10xe1/08/2V '08LCV

06A0 'TS3

0L-dSH ‘zT-9sedsed
0zZ418(d) "MY3d(d) '8.d¥D

dOHD '941V "0Z41®
(d) ‘T-391 "Y3d(d) '82dyD

dOHD pue $y€AAavo
dIg 'TdeX V41V 0Z4®
dOHD 'T-3¥I MY3d '8L4¥D

8.d¥D '941V dOHD
"0T3Y[-d "0z41e-d ‘NYid-d

941V TdgX My3d
"T-34I dOHD 07 419-d '8/d¥D

y-asedse) '1ad ‘8/d¥D “MINr(d)

TdgX 941V dOHD ‘8,d¥D '1d

dOHD 741V 'Td9X '8£d¥D

M¥3d ‘PEAAVD dOHD '9/€41V

dOHD '741V ¥3d-d '8/duD

dOHD '8£d¥D Iad

0Z419-d dOHD 'v4LV ‘MY3d

0Z419 -d 'T-3I '8£dUD

DVAAN/TYEdI/0Z418-d /8/dYD

(2p10ydwind pIpOLIUY

wouj paie|osl) 0O awAzuso)
wniwped

[-U1deNgINdND

LE¥AD

saxa|dwod
auljoiyjueuayd-(1)) Jeddod
|os23sadwe)

IdH4

TS 2haWIW £Hg

61d

614

aplweuoynsaudzuag

auoly3-g o

LEL18Y

T-9seulbly

€cav

auoAejjosiwnuid)y

S2139YIUAS 10 SpeIIXD [BqUBY JaYIO

ERIVEPEIEN]

s1943

[9POW 0AA U] 10 0INA UJ

103e1paW Ydn

1uaby

psnunuo) g sjqeL



757

Cancer Biol Med Vol 20, No 10 October 2023

SOT

sisoydode [192 €-AOMS Budnpur

D€l pue

qIWOZa}0q Y}M JUSW}eal} UOIIeUIquIOD JaYe ‘wsijoqeiaw
uabouried pue 9dUL)SISBIOWAYD 'U0IR|9YSOMD a1 'SY]
Bunyeinbas asoyy buipnppul skemyied ajdiynw jo uondnisip

29

pue ‘sisoydode ‘ysaule 9|24 |92 punojoid Bupnpug

skemyyed

/I Buljeubis sy¥3 b1 sisoydode pue Ayijigeln |92 bunigiyug

14

S¥3 buneanoe Aq sisoydode 192 082V BudNpu]

16 SII®2 DO uI asuodsal sunwiwi Juspuadap-Sy3 ue Busbbu]

SL

sisoydode pue sy3 budnpug

ssaJys Je|n||9d pue ‘sisoydode ‘}saule a)24d |92 aseyd

gs  IDJo uondnpul ybnouyl s|j@3 DO ul ymmoub |22 bunigiyug

9L

ST

S||92 DO Ul UoIseAul pue uolesbiw
Buniqiyui pue ‘sisoydode Budnpul ‘sy3 buusbbul

S¥3 pue uondunysAp |elipuoyd03w Bupnpug

Yreap

/5 [192 DO pue Sy3 Budnpul ‘siselsoswoy ,,ed buiginiisd

911

STT

DO ul soinadesayiowayd

0} asuodsal ay3 a1ey|de) 03 SY3 yum bunessdood

yieap |92 Apuanbasqns pue sy3 budnpug

SY3 pue abewep

ENONS

|9pow asnow }jeiboudx e
pue 's||22 EAOVD PUe ‘ATH 'VE 'EAONS
'08L2Y '84VYDAO 'SUVYIAO '€4VIANO

08Lev

08Lev

SI08L2V '08LZY

08L¢v

ATH "EAOMS 'T-AOYDI

|OXe1/08LZV PUe ‘08/ZV 'AIH

sjapow
yye1bouax pue ‘s||ad 06O puUe zs3

|opow esbouax
ysijelqsz e pue 's||a> 0O Pue ZS3

[opow Jowny
asnowl e pue 's||92 gl pue 08/zY

saul| ||92 Jadued Jaylo pue DO

TdgX '8/d4D dOHD "vz41e-d

dOHD €41V

dOHD '84d¥D

dOHD V41V
8/dYD ‘uixau|ed y3id(d)

dOHD
'8/dYD "OZ419-d Hy3d(d)

444N
‘Td9X dOHD V41V "d€dl

8.dYD ‘uixauled Hy3d

TdaX T-3dI

MNF(d) “oz413(d) "0Z412 dOHD
"143d(d) '941V "OTIMI '8LdYD

0z419-d dOHD
"Md3d '941V 0TI '8/d¥D

dOHD 'S/t41v "0zd1e-d

TdgX dOHD
"0z41® "0z419-d "d3d ‘NY3Id-d

uluabnuinbijosy

(€D sjoulgues-g-ajopu]

uipuadsaH

(gt) @AleALIBP pIde Dljoues|o

ue Buiuieruod xajdwod ())pjoo

soxa|dwod a1eweqiedolyip
aueydsoyd-(ppjoo

LETVAAD
896

punodwod 103giyul aseulwein|o

3 suouien

10J33}s0d5N4

uepioon4

ddD4

Tr-X43

cg  leupuoydonw ybnoayl sjj@3 0g/zy Ul sisoydode Budnpug 08/2v  asedse) 'g/dyo H uise|eyd03£oAxod3
s||92 DO uewny ul kemyed 4OHD
. -8€d-S0Y ays ybnouyy sisoydode yuspuadap-sy3 Budnpu] 08LeV dOHD S6TS0dMd
S|132 DO SID/08LZV 1uelsisal dOHD
1z -unejdsi ur sy3 bunpui Aq aduelsisal-nnw Buiwodisno s12/08.2V '08L2VY /741V/TdEX/PTIV/8LdYD €¢ddd
EREIETEN] s109443 [SPOW 0AIA U1 IO OJJIA Uf Jojelpaw yYdn by

psnunuo) g sjqeL



Yan et al. Targeting ER stress signaling in OC therapy

758

sisoydode

|etipuoydoyw bunabbuy Aj@rewiyn sny3 ‘uondunysAp

09 [ELIPUOY20}IW pUB ‘DBOLIBAO ,,eD 'Sy3 Bunereibby
sisoydode

68 Buebbuy pue ‘ssails aAIlePIXO pue SY3 Bupnpoid

Sd3 palelpsw SOY Jse
uolissaldxe g4yQg padnpul-dOHD o uonejnbaidn ybnoayy
g9 TIVYL 03 @np s|192 DO J0 yiesp dnoydode bupueyul

Kemyied sy3 yuapuadap-ggd
e DIA S||92 DO uewny jo AJAljIsuasolpes ayy bupueyua
/9 pue Jiedal yeaiq puens-ajgnop YN buissaiddng

% ABeydoine anajold pue sisoydode ‘sy3 budnpug

10T sisoydode pajelpawl-Sy3 bupnpu]

uonelbiw |92 Jo uoniqiyul pue ‘1saiie 3242 |92 ‘sisoydode
cq juspuadap-asedsed ‘SYJ b4 S}aYS Jadued-nue Buipexy

18 AyAIRDE Jown}-13ue BudNpul "Ydn dY3 JO UOIIRAIDY

Kemyyed
grt S¥3 @yl bm sisoydode pue A1101x030140 uneldsid Bupueyus

- S¥3 Aq yieap |92 ayji|-sisoydesed Bupnpul

[opow asnow pue EAOMNS

[opow jeibouax pue ‘s|[d EAOMS 'ZS3

[opow yeibouax pue 's||ad

3SOH "DTZAOL ‘€-4VDAO ‘€-AONS

|opow esbouax

pue 's||93 L096IAD ‘08LZV ‘800ZAO

|apow

yjesbouax asnow pue s||@d EAOVD

ENONS

T-Vd 'vL0TL

ENOIS

XE-AOMS "EAONS

ENOMS '08L2V

dOHD 0T 419-d '8/d¥D

TdgX dOHD

0z4e-d

dOHD pue 'g8/ddD “INf MNr-d

dOHD "nz41e-d

y-8sedsed dOHD '8.dY¥D

dOHD '84d¥D

dOHD '74LV ‘T-3¥1 MY3d(d)

TdgX dOHD ‘0L-dSH

'7€AAvD "0z41e-d '8/d¥D '1ad

ZT-9sedse)

Y41V "0Z41° Md3d '8LdYD

SdN XOQ/0ded-aoy

SLEVY

u139219nd

u139219n

u139219nd

1siuobe Ayvdd

pioe duewld

ON/vavd

auluenbjfzuag-90

B SAIIBALIDP UIBYJ [9AON

so1 SAemyred onoydodeoid ajdnjnuw buneande pue sy3 bunpu YVYIAO 'EAONS 041 -d Hy3d-d vZ-1/L-vaW
D03 Ul uodUNYSAp pue peolsano 1jesbouax Jowny
26 +z8D [BUPUOYD0NW DA Y3eap ||92 a|-sisoydeled Bupnpul  pue 's|[22 0T680H PUB ‘EAOMNS '08£2V  0Z419-d ‘T-3HI dOHD ‘8LdYD uISnION
SIER
18 EAOS ul sisoydode 0} Buipes| snyy 'sy3 pue sgsq budnpug ENOIS dOHD '8/d¥9 undLAN
SY3 pue uondunysAp [apow TdgX ‘941V dOHD '8/d¥D
or [EPUOYD0}IW DA S||92 DO 0 Ymmodb ayy buissaiddng }jeibouax e pue ‘s||9> 06AO Pue ZS3 "z419-d MY3d-d ‘OTIYI uLieujwer]
Abeydoine 21x03014> pajeipaw-Sy3 buabbuy Aq |90
95 082V ul sisoydode bupnpur pue uonesayoid |19 Buniqiyu 08L2Y T-3Y1 '941V MY3d '8Ld¥D |osaydwaey)
SIER) dOHD 741V
et DO Ul'sixe JOHD-MYId-¥XON 8y b1 sisoydode budnpuy €-4VDAO '08LZV "0z418(d) ‘Ny3d(d) '8,d¥D LToIf
ERVEIETEN s1a43 [9POW 0AA U] 10 0INA UJ Jojeipawl Ydn Juaby

psnunuo) g sjqeL



759

Cancer Biol Med Vol 20, No 10 October 2023

"(uiyoud

BuluI_IUOD-UISO|eA dDA ‘Wa)SAs swosearosd-uninbign ‘'sdn {|ApuAdAjod sjunuost wniuayl |Auoguedtsy dryl ‘epndad paausp-ioidadal ayeydsoydsii-g'y'T [03SOUl pasny- VI ‘'SAdl
-1V1 “0TI¥] 40 JoNqIyul [9A0U ‘0TOES0-41S ‘0au-d Joy 0eTVY duopuadidaulpliAzuag-siq Jo sdnoib oiojyd-d ‘w ay} Jo uoiNHISGNS wWolj paresausb punodwod €8Ty ‘UIdIgNIoXop
yum paspeoj areydsoyd , ,ed snoydiowe payipow-(qoy) dsy A|9-Biy ‘sSdN XOA/0deD-aDy ‘senads uabAxo aaideal 'SOY 81ejoIp-z'T-wni-Tuszelp (oulwelAylawip-N'N)
-T[1Auayd (oulwejAusydAxogied--N-jAyrew-N)-G-01uIp-'Z]-20 ‘'ON/VAVd 4 sioydadai pajeannoe-iojelayijoid swosixoiad ‘Ayvdd 'S||92 18oued uelleAo ‘s||@d DO ‘uoiedipawl [eqay
xa|dwod ‘£ TOIf “49oued uelleAo snoias apelb ybiy DOSHH ‘suozelpAyjAusydAxoyiswolonjjuii-d spiuekd |Auogied Jsjdnodun jeLpuoyd0liW ¢dD4 Healq puesis-a|qnop ¥YNd ‘dsd
‘}siuobejue T piojjiuea jenuajod J0ydadal Juaisuely ‘SeTS0dMA PuUo-T-ua-g-doid(jAusydAxoyaw-g)-T-(jAuaydAxoyiawip-g's)-€-(3) DAIBALIDP dUOD|BYD J1}BYIUAS ‘€2dd@ ‘uneldsid
'SID ‘plounial 28YUAs ‘€D BUO-Z-[opul-Hz-0ipAyIp-€ TIAYIdW-/ - (jAUsydAX0IpAY-1)SIg-€'s ‘IdHg ‘Ulwndind jo anbojeue [Auogledouow [9A0U ‘6T ‘91e19de-£7 g |osI|e ‘szaV

9

S¥3 Budnpul pue siseisoswoy D bundnisig

S9|DISAA DIPIdE Ul S210)S 1V Buiseaidsp

szt Pue sy3 Buiseaidul Aq unedsid 01 5|92 AONS Buiziisuss

60T

yieap ||92 Jedued padnpul-Sy3 buabbiy

Yreap

1192 d1uabounwiwi ui ajoJ e Aejd Aew [¥D yd1ym ul ‘sjjad
6g 492ued 01 1Y) Jo Buipuiq pue asesjal ayy bunenbai Ajued

2IS Jo uone|npow pue ‘Abeydoine ‘sy3 Budnpul

z Aq s|192 DO o uonesbiw pue uoireiayljosd bunigiyug

Kemyied yieap |92 aAneulayje ue bunsbbLy

9 pue ‘Abeydoine buieaide ‘siseysoswoy Y3 buiginyiad

Tt

sisoydode pajeipawl-Sy3 bupnpu]

5|19 EAOMIS 4O uoiseAul

07T pue ‘uonesbiw ‘uonelayljold paye|nbai-sy3 BudNpu]

L6

yaeap (|92 parelpaw-sy3 bupdnpur

06A0 'CS3

ENOMS

syesbouax DO 08/2YV buleaq a2

08LZV "€AOMS '€dVINO

ENOMS '08LZY

EAOMS 'S12/08.2V '08LZY

SID/EAOMS

ENONS

s|apow 1jeibousx
asnow pue ‘e AOMS ‘T-AOYDI '08LZV

dOHD '8£dYD 941V

dOHD '84d¥D

dOHD

(L9D) unonalied

¥€AAVD dOHD 741V

Z1-9sedseD '8/d¥D dOHD

y-asedse)

dOHD 'Iad ‘T-uted|ed

dOHD

nz41e-d MNr-d

auoJal|lpquinAYIB -
9s500n|6-q-Axoep-7

saxa|dwod dryl

upignioxop/uibiebisdey |

pi1oe sjoul|

payebnfuod zTsId ‘gTsuel]
sapuonjIp auadouei |
Sddl-1vl

upAwediung

(4dH-v)
-oulwIAxoyawAxogied- wnipos

611 sisoydode |9 pajeipaw-Sy3 budnpug EAONS '€4VOAO  dOHD "-41V M¥3d-d 'Tdax 0T0£80-41S
|apow
80T sisoydode pue Sy3 paajosalun bupebbll  dsnow pue 's||9 £-YYDIAO ‘800ZA0 Y41V "Td9X ‘8Ld¥D dOHD €8TVY
ERVEIEIEN] S109443 |9pOW OAJA U1 10 04JIA U Jojeipaw ¥Ydn juaby

psnunuo) ¢ sjqeL



760

tumor type require further evidence. Numerous compounds
are being developed to target the 3 UPR sensors; however, the
factors determining the behavior of a particular sensor as a
pro- or anti-apoptotic signal remain unclear. On the one hand,
cancer cells use adaptive responses to survive excessive stress,
which are accompanied by tumor initiation, progression,
metastasis, immune escape, and chemoradiotherapy resist-
ance. On the other hand, excessive or sustained stress results
in tumor killing'?. Strategies for blocking tumor stress relief
or elevating stress-induced cell mutation may achieve optimal
therapeutic outcomes. The new compound ERX-41 has been
documented to exacerbate ERS, thus leading to several types
of cancer deaths with elevated ERS!!>. The concept of increas-
ing ERS by ERX-41 in cancer cells for therapeutic purpose
has been licensed to Dallas-based EtiraRx, and is expected to
enter clinical trials soon. Moreover, monitoring the adaptive
response on multiple scales is necessary to help design opti-
mal treatment schedules and balance on-target toxicity with
tumor eradication. Finally, potential combinatorial therapies
with clinical chemotherapeutic drugs are also appealing and
promising. Future studies addressing these issues are expected
to pave the way to novel avenues for treating ERS-associated

diseases.
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