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Abstract: Endoplasmic reticulum (ER) stress, as an emerging hallmark feature of cancer, has a considerable impact on cell
proliferation, metastasis, invasion, and chemotherapy resistance. Ovarian cancer (OvCa) is one of the leading causes of cancer-related
mortality across the world due to the late stage of disease at diagnosis. Studies have explored the influence of ER stress on
OvCa in recent years, while the predictive role of ER stress-related genes in OvCa prognosis remains unexplored. Here, we
enrolled 552 cases of ER stress-related genes involved in OvCa from The Cancer Genome Atlas (TCGA) and Gene Expression
Omnibus (GEO) cohorts for the screening of prognosis-related genes. The least absolute shrinkage and selection operator
(LASSO) regression was applied to establish an ER stress-related risk signature based on the TCGA cohort. A seven-gene
signature revealed a favorable predictive efficacy for the TCGA, International Cancer Genome Consortium (ICGC), and another
GEO cohort (P<0.001, P<0.001, and P=0.04, respectively). Moreover, functional annotation indicated that this signature was
enriched in cellular response and senescence, cytokines interaction, as well as multiple immune-associated terms. The immune
infiltration profiles further delineated an immunologic unresponsive status in the high-risk group. In conclusion, ER stress-related
genes are vital factors predicting the prognosis of OvCa, and possess great application potential in the clinic.
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1 Introduction advancements, including the application of targeted
drugs, such as poly adenosine diphosphate (ADP)-
ribose polymerase (PARP) inhibitors (Gonzalez-Martin

et al., 2019; Poveda et al., 2021) or anti-angiogenesis

Ovarian cancer (OvCa) is the most lethal malig-
nancy occurring in the female reproductive system,

globally ranked as the eighth leading cause of female
cancer-related deaths (Sung et al., 2021; Tian et al.,
2022). According to the global cancer statistics, the
number of new OvCa cases reached 313959 in 2020
with 207 252 deaths (Sung et al., 2021). Therapeutic
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agents (Pujade-Lauraine et al., 2014), and reinspec-
tion of secondary cytoreduction (Harter et al., 2021),
have improved the outcomes of OvCa patients to some
extent, with an overall five-year survival rate of 47%
(Lheureux et al., 2019). In this scenario, prognosis pre-
diction is crucial for patients to obtain meaningful treat-
ment, but is hindered by the high heterogeneity of
OvCa. Strikingly, numerous risk models, including the
ferroptosis-based (Ye et al., 2021), autophagy-based
(Fei et al., 2021), and immune-related (Zhang B et al.,
2021) approaches, have been developed to predict
OvCa patients’ prognosis along with the application
of bioinformatics. Despite that commonalities may be
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present, the gene signatures derived from the variety
of phenotypes highlight the different aspects of disease.
Thus, novel gene signatures based on the core pro-
cesses of cell fate and interaction with the surround-
ings need to be constantly explored to improve the
accessibility of prognostic prediction for OvCa.

Protein handling, modification, and assembly in
the endoplasmic reticulum (ER) are tightly regulated
processes that determine cell function and fate (Chen
and Cubillos-Ruiz, 2021). ER stress occurs when mam-
malian cells encounter exogenous cell stress, such as
hypoxia, nutrient deprivation, and the accumulation
of reactive oxygen species (ROS), causing a burden of
misfolded proteins in the ER lumen (Andrews et al.,
2021). Three sensors that detect ER stress, including
inositol-requiring enzyme la (IRE1a)/X-box-binding
protein 1 (XBP1), protein kinase RNA-like ER kinase
(PERK), and activating transcription factor 6 (ATF6),
then ensue to restore homeostasis (Cubillos-Ruiz et al.,
2016). Meanwhile, under the unremitting stress, cells
are inclined to undergo apoptosis through effector
proteins such as CCAAT/enhancer binding protein
(C/EBP)-homologous protein (CHOP) (Lin et al.,
2021). The critical role of ER stress orchestrating adap-
tive programs to modulate cancer cell fate has recently
been highlighted in the realm of OvCa research. By
targeting the IRE1a/XBP1 pathway, Lin et al. (2021)
found that B-109, an IRE1a inhibitor, can suppress the
growth of OvCa cells with certain mutations in vitro
and in xenograft models. Surprisingly, the IRE1o/
XBP1 pathway was also involved in the regulation of
OvCa stemness according to an eminent work by
Zhang et al. (2022). A newly defined stem-related tran-
scription factor (TF), forkhead box K2 (FOXK2),
directly upregulates the IREla expression, leading to
the formation of XBP1 and the initiation of stemness
pathways (Zhang et al., 2022). In contrast, activa-
tion of PERK branch together with the ATF4-mediated
transcriptional induction of CHOP is greatly regarded
as a symbol of pro-apoptosis. A study conducted by
Lee et al. (2020) ascertained the pro-apoptotic role of
PERK arm, in which the application of apomorphine
induced mitochondrion-associated apoptosis and trig-
gered ER stress accompanied by phosphorylation of
PERK in OvCa. However, the role of ATF6 arm in
OvCa remains to be explored.

The ER stress-related apoptosis is deemed to be
a kind of immunogenic cell death (ICD), which is
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characterized by the exposure of damage-associated
molecular patterns (DAMPs), such as calreticulin
(CRT) and heat shock proteins (HSPs) (Galluzzi et al.,
2017). Studies have indicated that CRT exposure was
able to provide a robust innate and adaptive antitumor
immune response, leading to favorable prognosis in
OvCa patients (Kasikova et al., 2019). The tumor
microenvironment (TME) is replete with factors that
cause stress to intratumoral immune cells (Andrews
et al., 2021); thus, the ER stress pathway is also impli-
cated in infiltrating immune cells (Lin et al., 2021).
Unlike its pro-survival role in OvCa cells, IRE10/
XBP1 arm activation in dendritic cells (DCs) impaired
the function of antigen presentation under the OvCa
milieu, further driving disease progression (Cubillos-
Ruiz et al., 2015). Based on these findings, investiga-
tions are necessary to ascertain the ambiguous role of
ER stress in the TME.

In this study, we enrolled 552 cases of OvCa-
involved ER stress-related genes from two datasets to
form a seven-gene risk signature. By employing two
external cohorts, we validated the accuracy and cred-
ibility of our model, and ascertained that the gene sig-
nature was an independent predictive factor for OvCa
patients. Overall, our study successfully constructed
an ER stress-related risk model that can be potentially
applied in the clinic.

2 Results

2.1 Development of a risk model using seven iden-
tified ER stress-related genes

We identified the prognosis-related genes from The
Cancer Genome Atlas (TCGA)-ovarian cancer (OV)
cohort (n=368) and the Gene Expression Omnibus
(GEO) dataset (accession number: GSE26712; n=184)
by univariate Cox regression analyses (Tables S1 and
S2). The gene numbers were shown in the workflow
diagram (Fig. 1a). After intersection, eight possible
prognosis-related genes were screened out (P<0.05),
namely, transient receptor potential cation channel sub-
family V member 4 (TRPV4), insulin-like growth fac-
tor 2 receptor (/IGF2R), forkhead box O1 (FOXOI,
absent in GSE49997 dataset), retinoblastoma 1 (RB/)
gene, heat shock protein (HSP) family A (HSP70)
member 2 (HSPA?2), paxillin (PXN), transporter 1 adeno-
sine triphosphate (ATP)-binding cassette subfamily B
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Fig. 1 Identification of prognostic genes for developing a risk signature. (a) Workflow diagram of seven genes screening.
(b) Selection of the optimal parameter (1) in the LASSO model. (c) LASSO coefficient profiles of the eight genes in TCGA
cohort. (d) Establishment of a prognosis signature by seven chosen genes. * P<0.05, ™ P<0.01, ™ P<0.001. (e) The correlation
network of the seven genes. ER: endoplasmic reticulum; TCGA: The Cancer Genome Atlas; OS: overall survival; LASSO:
least absolute shrinkage and selection operator; FOXOI: forkhead box O1; RBI: retinoblastoma 1; /GF2R: insulin-like
growth factor 2 receptor; HSPA2: heat shock protein family A member 2; TRPV4: transient receptor potential cation
channel subfamily V member 4; ATP243: ATPase sarcoplasmic/endoplasmic reticulum Ca’* transporting 3; TAPI:
transporter 1 adenosine triphosphate (ATP)-binding cassette subfamily B member; PX/N: paxillin; HR: hazard ratio.

member (74P1), and ATPase sarcoplasmic/endoplasmic
reticulum Ca® transporting 3 (4TP243). The least
absolute shrinkage and selection operator (LASSO)
regression analysis was then performed to select the
most robust prognostic genes from the eight ER stress-
related genes. Finally, seven of the eight genes and
their coefficients were retained according to the opti-
mal 4 value decided by the minimum criteria (Figs. 1b
and 1c). Among these genes, ATP2A3 and TAPI were
protective factors for OvCa survival, with hazard
ratio (HR)<1; while FOXO1, HSPA2, RBI, TRPV4,
and IGF2R were risk factors with HR>1 (Fig. 1d). A
correlation network based on the expression profiles
of seven genes was constructed to identify the rela-
tionships among them (Fig. 1e).

2.2 Development of an ER stress-related risk sig-
nature in the TCGA-OV cohort

Given the privilege of sufficient sample size, the
TCGA-OV cohort was designated for building the risk
signature. The formula for calculating the risk score

was as follows: risk score=(—0.3963x4TP2A43 expres-
sion)+(0.2318xFOXO1 expression)+(0.0795xHSPA2
expression)+(0.1691xRB1 expression)+(0.4853xTRPV4
expression)+(0.3016x/GF2R expression)+(-0.2078x
TAPI expression). According to the median risk score,
184 patients were classified as the low-risk group,
while the remaining 184 were classified as the high-
risk group (Fig. 2a). Principal component analysis
(PCA) and t-distributed stochastic neighbor embed-
ding (-SNE) analysis were conducted to assign the
patients in these clusters (Figs. Sla and S1b). The over-
all survival (OS)-related prediction model distribution
of patients was illustrated in Fig. 2b, implying that
patients in the high-risk group had a higher possibility
of death and shorter survival time. The expression
level of each ER stress-related signature was obviously
changed between the two groups (Fig. 2¢). The Kaplan-
Meier (K-M) curves showed that patients in the low-
risk group had a more favorable survival outcome than
those in the high-risk group (P<0.0001; Fig. 2d). Time-
dependent receiver operating characteristic (ROC)
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Fig. 2 Training of ER stress-related risk signature for OvCa in TCGA cohort. (a) Risk score for OvCa. (b) Survival status
for each case. (¢) Heatmap of gene expression between the low- and high-risk groups. (d) K-M curves for the OS of
patients in the low- and high-risk groups based on risk score. (¢) Time-dependent ROC curve demonstration of the predictive
efficiency. ER: endoplasmic reticulum; OvCa: ovarian cancer; TCGA: The Cancer Genome Atlas; K-M: Kaplan-Meier;
OS: overall survival; ROC: receiver operating characteristic; ATP2A43: ATPase sarcoplasmic/endoplasmic reticulum
Ca™ transporting 3; FOXOI: forkhead box O1; HSPA2: heat shock protein family A member 2; RBI: retinoblastoma 1;
TRPV4: transient receptor potential cation channel subfamily V member 4; IGF2R: insulin-like growth factor 2 receptor;
TAPI: transporter 1 adenosine triphosphate (ATP)-binding cassette subfamily B member; AUC: area under the curve.

curves were conducted for assessing the predictive role
of ER stress-related risk signature on OS. As presented
in Fig. 2e, the area under the curve (AUC) was 0.689
for one year, 0.657 for two years, and 0.619 for three
years. The K-M curves of seven single genes were fur-
ther extended to validate the predictive value of this
signature in the TCGA-OV cohort (Fig. S2).

2.3 Independent prognostic value of ER stress-
related risk signature in the TCGA-OV cohort

Univariate and multivariate Cox analyses were
subsequently applied to explore whether the risk score
could be an independent risk factor in the TCGA-OV
training cohort. As illustrated in Figs. 3a and 3b, the ER

stress-related risk signature was significantly correlated
with the OS of OvCa patients (HR, 2.99; 95% confi-
dence interval (CI), 2.08-4.29; P<0.001; refer to multi-
variate Cox analyses), indicating that the ER stress-
related risk signature constructed by the TCGA-OV
cohort was an independent prognostic factor for OvCa
patients. The multi-indicator ROC curves (Fig. 3¢)
showed the predictive value of the risk signature and
the clinical features, which indicated that the predic-
tive accuracy of the ER stress-related risk model was
superior in terms of age, grade, and stage.
Furthermore, a nomogram integrating ER stress
risk signature, grade, age, and stage was produced to
predict 1-, 3-, and 5-year Os in the TCGA-OV cohort
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Fig. 3 Independent prognostic value of the ER stress-related risk signature in TCGA cohort. * P<0.01, " P<0.001.
(a) Univariate analysis for TCGA cohort. (b) Multivariate analysis for TCGA cohort. (¢) Multi-indicator ROC curves for
tumor grade, age, stage, and risk score. (d) Nomogram combining seven gene markers in TCGA cohort. (¢) The calibration
curves for internal verification nomogram in the TCGA cohort. ER: endoplasmic reticulum; TCGA: The Cancer Genome
Atlas; ROC: receiver operating characteristic; HR: hazard ratio; AUC: area under the curve; OS: overall survival.

(Fig. 3d). In the nomogram, each item was assigned to
point according to its risk contribution to OS. Calibra-
tion curves were used for internal verification of the
nomogram (Fig. 3e). Collectively, these data suggested
that the ER stress-related risk signature could serve as
an independent risk factor in the TCGA-OV cohort.

2.4 Validation of ER stress-related risk signature
in the International Cancer Genome Consortium
(ICGC) and GEO cohorts

A total of 117 cases from the ICGC and 193 cases
from the GEO dataset (accession number: GSE49997)
were treated as the external validation sets. Seven or
six (FOXOI is absent in GSE49997) survival-related
genes were extracted from the expression profiling
array. The risk score of each sample in the two valida-
tion sets was calculated, using the same formula as
that in the TCGA-OV cohort. PCA and #SNE anal-
yses were used to visualize the distribution of risk
amongst different populations in line with the risk gene
sets (Figs. S1c—S1f).

Figs. 4a and 4b showed the OS-related risk model
distribution of populations in the ICGC and GEO
datasets, respectively. The heatmaps representing the
expression level of each risk signature related to ER
stress, showed the tendency of changes between the
low- and high-risk populations in the validation sets
(Figs. 4c and 4d). Interestingly, we further found that

the high-risk group had a significantly lower survival
possibility than that of the low-risk group in both vali-
dation sets (P=0.0032 in ICGC cohort and P=0.04
in GSE49997 cohort; Figs. 4e and 4f). And then,
time-dependent ROC curves were drawn to evaluate
the predictive value of ER stress-related risk signa-
ture in the validation sets. As shown in Figs. 4g and
4h, the AUC was 0.623 for two years and three years
in the ICGC cohort, and it was 0.673 for one year,
0.654 for two years, and 0.612 for three years in the
GSE49997 cohort, indicating the robust predictive role
of our model in the validation cohorts. The forest plots
of univariate and multivariate Cox analyses were ap-
plied again for the purpose of identifying the indepen-
dent prognostic role of our risk model (Figs. S1g and
S1h). Nomograms integrated by ER stress risk signa-
ture and accessible clinical parameters were also con-
structed to predict the OS in both validation cohorts
(Figs. S1i and S1j). Calibration curves were used for
internal verification of the nomogram (Figs. S1k and
S11). The above data tested in two external cohorts
demonstrated the robustness of this risk model.

2.5 Correlation of the risk signature with canonical
ER stress pathways and its functional annotation

Three canonical ER stress pathways have been
previously identified that may determine the cell fate
through different orientations. The correlation between
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Fig. 4 Validation of ER stress-related risk signature in ICGC and GEO cohorts. (a) Risk score (upper) and distribution
of survival status (lower) for OvCa in ICGC cohort. (b) Risk score (upper) and distribution of survival status (lower) for
OvCa in GEO cohort. Heatmaps of gene expression between low- and high-risk groups in ICGC (c¢) and GEO (d) cohorts.
K-M curves for the OS of patients between low- and high-risk groups in ICGC (e) and GEO (f) cohorts. Time-dependent
ROC curves for OvCa in ICGC (g) and GEO (h) cohorts. P<0.05 were considered statistically significant. ER:
endoplasmic reticulum; ICGC: International Cancer Genome Consortium; GEO: Gene Expression Omnibus; OvCa:
ovarian cancer; K-M: Kaplan-Meier; OS: overall survival; ROC: receiver operating characteristic; A7P243: ATPase
sarcoplasmic/endoplasmic reticulum Ca* transporting 3; FOXOI: forkhead box O1; HSPA2: heat shock protein family A
member 2; RBI: retinoblastoma 1; TRPV4: transient receptor potential cation channel subfamily V member 4; IGF2R:
insulin-like growth factor 2 receptor; 74P1I: transporter 1 adenosine triphosphate (ATP)-binding cassette subfamily B

member; AUC: area under the curve; NA: not available.

our risk signature and the hub genes of these canonical
ER stress pathways was analyzed to identify ER stress
status in different OvCa groups. In the high-risk group,
the levels of IREla and PERK were higher than those
in the low-risk group, though with a smaller statistical
significance in the GSE49997 dataset. Interestingly, the
pro-apoptosis arm (ATF4 and CHOP) was upregu-
lated in the low-risk group, demonstrating the cell fate-
related role of our signature (Figs. Sa—5c). To estimate
the function of these prognosis-related genes, Gene
Ontology (GO) and Kyoto Encyclopedia of Genes and
Genomes (KEGG) pathway analyses were performed.
The top five enrichment terms of GO are shown in
Fig. 5d, and the top four enrichments of KEGG are
shown in Fig. Se. The gene set enrichment analysis
(GSEA) approach was further employed to replenish
the function annotation of these genes. The results
demonstrated that these genes were enriched in mul-
tiple cytokines interaction and immune-associated
terms (Fig. S3).

2.6 Immune infiltrating profiles of ER stress-related
risk signature

Considering the accumulating evidence that im-
mune cells infiltrated into the OvCa environment play a
pivotal role in disease progression, a heatmap was per-
formed to display the distribution profile of immune
cells of each case in the TCGA-OV cohort according
to the risk score (Fig. 6a). The CIBERSORT algorithm
was further applied to clarify the correlation between
ER stress-related risk signature and immune infiltra-
tion. Fig. 6b revealed that the fraction of immune cells
varied among the cases and groups; Fig. 6¢ presented
the significant differences of immune cell infiltration
between the low- and high-risk groups. For the innate
immunity cluster, the proportions of dendritic cells
(DCs), M1 macrophages, and activated natural killer
(NK) cells were significantly decreased in the high-
risk group; conversely, the proportions of MO macro-
phages, M2 macrophages, activated mast cells, and
neutrophils were elevated in the high-risk group. For
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the other part of the immune system, that is, the adap-
tive immunity, there were lower gatherings of memory
B cells, activated memory cluster of differentiation
4-positive (CD4") T cells, CD8" T cells, and follicular
helper T cells (Tth) in the high-risk group, which indi-
cated a potentially decreased anti-tumor efficiency. The
immune-related molecules expressed in the OvCa mi-
lieu were subsequently analyzed. As shown in Fig. 6d,
the expression levels of both immune-activated and
immunosuppressive molecules were declined in the

high-risk group vs. the low-risk group. Interestingly,
among the seven genes, 7API was identified as the
most typical player related to immune function, which
was implicated in the assembly of antigen peptide-
major histocompatibility complex-1 (pMHC-I) (Han
et al., 2008). Given the knowledge that the activation
of CD8" T cells relies on the recognition of pMHC-I,
correlation analysis was conducted in three cohorts
(Figs. 6e—6g). The expression level of TAP1 was sig-
nificantly positively correlated with CD8, which might
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imply the infiltrating state of the anti-tumor compon-
ent. Taken together, these results support the hypothe-
sis that the ER stress-related risk signature might influ-
ence the disease progression by interacting with the
immune microenvironment in OvCa.

3 Discussion

In this study, a seven-gene risk model related to
ER stress was established for predicting the prognosis
of OvCa patients. Particularly, we enrolled two data-
sets, with a total of 552 cases for the screening of prog-
nostic genes, and applied the TCGA-OV cohort for
risk model training based on sample size. Another two
external datasets containing 304 cases were subse-
quently employed for validation. The K-M plots and
nomograms showed a reliable characteristic, and the
ROC curves of each cohort demonstrated the excellent
robustness of our model. A close correlation between
canonical ER stress pathway and our risk signature
was further established. Finally, functional annotation
and immune infiltration were performed to evaluate
the profiles of the seven-gene panel in detail.

Although numerous studies have explored the
influence of ER stress on OvCa in recent years (Barez
et al., 2020; Lin et al., 2021; Zundell et al., 2021;
Cheng et al., 2022), there is a surprising lack of re-
views and bioinformatics based on this phenotype.
We involved seven genes in our proposed model, and
these genes could be divided into two groups: perni-
cious factors (FOXOI, RBI, HSPA2, IGF2R, and
TRPV4) and protective factors (ATP2A3 and TAPI).

FOXOT1 protein, a TF encoded by FOXOI, has
been reported to be critical in many cell processes, such
as cell cycle modulation and oxidative stress regula-
tion (Gao et al., 2012). According to Liu et al. (2020),
the overexpression of FOXO1 was correlated with
poor prognosis in OvCa. More recently, the role of
FOXO proteins in cellular response to antitumor agents
was reviewed by Beretta et al. (2019). Remarkably,
many studies have depicted the chemo-resistant role
of FOXO1 in the realm of OvCa research (Goto et al.,
2008; Wang et al., 2015), while additional studies, as
one performed by Tang et al. (2021), took a view to
illustrate the relations between FOXO1-related path-
way and ER stress; such studies are urgently needed.

RBI, a tumor suppressor, was reported as commonly
inactivated along with defective DNA repair in high-
grade serous carcinoma (HGSC) (Patch et al., 2015;
Shi et al., 2020). In line with our findings, Garsed et al.
(2018) has shown that OvCa patients with RBI loss
were associated with favorable outcomes. The under-
lying mechanism of this phenomenon may be attribu-
table to dysfunction of mitochondria, which rendered
vulnerabilities to stress conditions (Nicolay et al.,
2015). Meanwhile, the detailed functions of RB/ in
OvCa related to ER stress remain to be uncovered.

Known as a stress-related gene, HSPA2 belongs
to the HSP70 subfamily of heat shock genes (Scieg-
linska et al., 2008). Its overexpression is an ominous
symbol associated with aggressive progression and
poor prognosis in cancers, including esophageal carcin-
oma (Zhang et al., 2013), pancreatic adenocarcinoma
(Zhai et al., 2021), lung cancer (Sojka et al., 2019),
breast cancer (Yang et al., 2020), and epithelial OvCa
(Zhao et al., 2021). Cao et al. (2019) aimed to reveal
the relationship between HSPA2 and ER stress, and
found that HSPA2 knockdown in lung adenocarcinoma
cell lines upregulated the levels of IREla and PERK
proteins, resulting in G1/S phase arrest via regulation
of the extracellular-signal-regulated kinase 1/2 (Erk1/2)
pathway. This critical role of HSPA2 contained in our
risk model may evoke additional researches in this
field.

IGF2R, also known as mannose-6-phosphate
receptor (M6P), is generally considered as a tumor
suppressor gene for its antagonistic activity to IGFIR
signals (Leksa et al., 2017). A loss of heterozygosity
(LOH) proximal to the /GF2R/MG6P locus has been
proved to be significantly correlated with the presence
of disseminated tumor cells (DTCs) and shorter sur-
vival time in OvCa patients (Kuhlmann et al., 2011).
Focusing on the detailed mechanism of trafficking,
Wabhba et al. (2018) found that the synergistic effect
of chemo-immunotherapy was partly dependent on
the shuttling of M6P to the OvCa cell surface. The
reversed scenario that /GF2R serves as a hallmark of
cancer has been recently demonstrated in a variety of
cancers (Takeda et al., 2019; Zhang ZY et al., 2021).
By disrupting the Golgi-to-lysosome transport of
Mo6P-tagged cathepsins, the loss of /GF2R decreased
lysosomal activity, with the dysfunction of both auto-
phagy and mitophagy, resulting in the accumulation



of misfolded proteins and the production of ROS
(Takeda et al., 2019), which may interact with ER
stress-induced apoptosis.

TRPV4 is ubiquitously expressed in the central
nervous system and mediates a lot of neuropatho-
logical processes (Wang et al., 2019; Liu et al., 2022).
Meanwhile, in glioma, eminent work by Huang et al.
(2021) showed that the TRPV4 level is positively
correlated with both tumor grade and poor survival.
Therein, the application of cannabidiol (CBD) induced
lethal mitophagy through activating TRPV4 in human
glioma cells. Later transcriptome analysis demon-
strated that ER stress and the downstream of TRPV4
were involved in CBD-induced mitophagy in glioma
cells (Huang et al., 2021). Meanwhile, TRPV4 was
reported as highly expressed and associated with poor
prognosis in OvCa patients. Further bioinformatics sug-
gested that TRPV4 might act as an oncogene through
an immunosuppressive effect along with the underly-
ing mechanism of resistance to platinum (Wang et al.,
2021).

As a member of sarco/endoplasmic reticulum
(SR/ER) Ca® ATPase pump (SERCA) family (Che-
maly et al., 2018), ATP2A3 has recently been shown to
be a potential target of salinomycin through the inhib-
ition of Ca™ release and the induction of ER stress in
prostate cancer (Zhang et al., 2019). Coincidentally,
thapsigargin (TG) was widely used as an irreversible
inhibitor of the ER Ca* ATPase (Lei et al., 2015),
which can synergize with many anti-cancer agents by
triggering ER stress-related apoptosis in OvCa (Seo
et al., 2016; Kim and Ko, 2021). However, ATP2A43
in our risk model delivered a protective role for sur-
vival extension in accordance with the pro-apoptotic
effect of ATP2A3 defined by Chemaly et al. (2018).
The seemingly debatable evidence might be attributed
to the non-specific blocking effect of TG. Therefore,
to further clarify the role of ATP2A43 in OvCa, more
specific agents or genetic tools targeting ATP2A43 need
to be applied.

Among the seven genes in our risk signature,
TAPI1 is the most charming one that connects the
immune profile with ER stress for its special role in
antigen presentation. Closely related to the dysregula-
tion of MHC-I antigen molecules, TAP1 deficiency
was frequently reported as a signature of tumor im-
mune escape (Sabapathy and Nam, 2008; Chow et al.,
2021). A growing body of evidence derived from
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clinical data firmly supports our findings that lower
expression of TAP1 might correlate with poor progno-
sis in OvCa patients (Millstein et al., 2020). In add-
ition to the immune-related perspective, the fact that
TAPI serves as a prognostic factor may be due to its
mechanism of activation of ER stress according to
Sabapathy and Nam (2008). Specifically, a study by
Bartoszewski et al. (2011) uncovered that unfolded
protein response (UPR)-activated XBP1 was involved
in the upregulation of microRNA-346, which further
interfered in the expression of TAP1 by targeting a
6-mer canonical seeding site.

Given the multiple characteristics of each gene,
we analyzed the comprehensive effect of the risk signa-
ture to clarify the correlation with canonical ER stress
pathways. Impressively, among the three cohorts, high-
risk group showed a higher level of IRE10/XBP1 and
PERK arm activation, indicating a non-lethal role ER
stress response that promotes cell adaptation to stress.
By contrast, higher levels of ATF4 and CHOP were
found in the low-risk group, representing an unre-
solved status of ER homeostasis (Chen and Cubillos-
Ruiz, 2021). Functional annotation further illustrated
that the ER stress-related signature was closely associ-
ated with cellular response and senescence, Ca’™ trans-
port, domain binding disorder, and T cell activation.
In line with the findings above, immune infiltration
analysis also demonstrated differences in anti-tumor
efficiency between the two groups. For the innate
immunity cluster, macrophage polarization was high-
lighted in the results. Consistently, Soto-Pantoja et al.
(2017) reported that tumoral IRE1la inhibition could
enhance macrophage-mediated cancer cell clearance,
indicating M1 polarization. Meanwhile, ICD induced
by unresolved ER stress may account for the higher
level of activated DCs in the low-risk group as well as
the activation of adaptive immunity (Kasikova et al.,
2019). Surprisingly, the levels of immunosuppressive
molecules such as programmed death-1 (PD-1) and
cytotoxic T lymphocyte associated antigen-4 (CTLA4)
were also raised in the low-risk group, suggesting
an innovative approach to apply the immunotherapy
in a certain population of OvCa. An eminent study un-
veiled that CD8" tumor-infiltrating lymphocytes influ-
enced the OvCa patients’ survival in a dose-response
manner (Ovarian Tumor Tissue Analysis (OTTA) Con-
sortium, 2017). Given the special role of TAP1 in
pMHC-I formation, the correlation between CD8 and
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TAPI expression was analyzed (Figs. 6e—6g), while
further studies are required to clarify the subtle influ-
ence of ER stress on tumor-associated antigen pro-
cessing. Struggling in an execrable TME, intratumoral
immune cells are always confronted with various stress
factors. Recent studies have ascertained that the acti-
vation of IRE1a/XBP1 arm in DCs and T cells could
impair their anti-tumor functions in OvCa (Cubillos-
Ruiz et al., 2015; Song et al., 2018), highlighting the
prospect of targeting the ER stress-related pathway in
intratumoral immune cells to enhance their anti-tumor
capacity.

4 Conclusions

In summary, our work identified an ER stress-
related risk signature, providing a novel annotation for
OvCa prognosis prediction. The robustness of this
signature was demonstrated by double validations.
Moreover, it was confirmed that preferential arms of
canonical ER stress pathways were involved in both
low- and high-risk groups. The analyses of enrichment
and immune infiltrating profiles produced signifi-
cant findings for future research on the mechanisms
between ER stress-related genes and anti-tumor immun-
ity in OvCa.

Materials and methods
Detailed methods are provided in the electronic supple-
mentary materials of this paper.
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