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Abstract: Protein homeostasis regulated by the Endoplasmic Reticulum (ER) is a recognized process involved in
cancer progression. ER stress activates the Unfolded Protein Response (UPR) and has been implicated in a variety
of cancers. Given the role of the UPR activation in carcinogenesis, we hypothesized that UPR activation could be
associated with pathological progression, higher clinical stage, and worse survival in breast cancer. A total of 4,416
breast cancer patients from multiple independent cohorts were analyzed. We defined the UPR pathway score by the
degree of enrichment by Gene Set Variant Analysis and median was used to divide high vs. low score groups in each
cohort. High UPR breast cancer significantly enriched not only cell proliferation-related but also other pro-cancerous
gene sets consistently in both METABIC and GSE96058 cohort. Majority of UPR pathway score high cells in the
bulk tumor were tumor cells compared to other cells, including stromal, T-, B-, and myeloid-cells (P<0.001). UPR
score was significantly associated with advanced stage, high grade, and triple negative breast cancer (TNBC) (all
P<0.001). High UPR breast cancer was associated with worse patient survival in both cohorts (all P<0.001). Among
breast cancer subtype, ER-positive/HER2-negative breast cancer with high UPR was significantly associated with
worse survival, but neither HER-positive nor TNBC. High UPR ER-positive/HER2-negative breast cancer was infiltrat-
ed with high level of Thl and Th2 cells, M1 macrophage, and plasma cells. On the other hand, they were significantly
infiltrated with high level of several types of stromal cells in tumor microenvironment (all P<0.001). Finally, high UPR
metastatic breast cancer was also associated with worse patient survival (P=0.041). UPR signaling is associated
with cancer aggressiveness, and worse survival, especially ER-positive/HER2-negative breast cancer subtype.
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Introduction standing of the tumor microenvironment,
immune responses, and signaling pathways
involved in the cancer cell proliferation would
help with arresting or delaying cancer progres-

sion which would eventually improve survival.

Breast cancer (BC) is the most commonly diag-
nosed cancer globally with an incidence of 2.3
million new cases in a year and it is still the pri-
mary cause for cancer mortality among women

[1]. With early detection and advancements in
treatment the 5-year relative survival rates in
localized, regional BC have improved to 99%
and 85.8%, respectively; however, it is only
29% in metastatic BC according to recent data
from the SEER database [2]. Detailed under-

Cell homeostasis is maintained by proper fold-
ing of the proteins and the misfolded proteins
undergo proteolysis by the ubiquitin-dependent
proteolytic degradation process of the Endo-
plasmic Reticulum (ER) [3-5]. Physiological pro-
cesses such as aging and other factors like
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hypoxia, viral infections, glucose deprivation,
toxins, acidosis, irradiation, poor vascularity
disrupt the ER homeostasis and lead to unfold-
ing or misfolding of proteins. If the degradation
of the unfolded proteins is not enough, this
leads to accumulation of the unfolded proteins
in the ER which is called ER stress and leads to
up-regulation of a signaling pathway called as
ER stress response or the unfolded protein
response (UPR) [4, 6, 7]. The signal-transduc-
tion cascade, UPR has been designed primarily
to protect the ER by counteracting the damage
from the accumulation of unfolded or misfold-
ed proteins and to limit the damage to other
cellular structures by eliminating the cells expe-
riencing prolonged stress [8]. Along with the
cytoprotective role, the UPR pathway can lead
to apoptosis and proliferation of tumor cells in
the presence of prolonged ER stress. Cancer
cells adapt to the stressful tumor microenviron-
ment by multiple mechanisms. Tumor cells are
subjected to various stressors such as hypoxia,
inadequate angiogenesis, decreased glucose
and amino acid supply, oxidative stress, lactic
acidosis as the metabolic requirements are
rapidly increasing [3]. This leads to prolonged
and severe ER stress and activates the protein
kinase RNA-like endoplasmic reticulum kinase
(PERK) -dependent UPR downstream signaling
pathway which promotes tumor cell prolifera-
tion by limiting oxidative DNA damage [4,
10-13]. The aerobic glycolysis due to low glu-
cose levels and the subsequent lactic acidosis
leads to downregulation the pro-apoptotic tran-
scription factors and helps the tumors cells to
escape apoptosis [14, 15].

The role of UPR in cancer proliferation has been
studied in multiple types of cancer. We previ-
ously reported that elevated UPR measured by
our newly developed transcriptomic based
score using gene set variation analysis (GSVA),
was significantly associated with cell prolifera-
tion and worse survival in hepatocellular carci-
noma (HCC) [9]. As the prevalence of drug resis-
tanttumor clones in breast cancer is increasing,
there is an emergent need for identifying and
targeting drug resistant mechanisms [10]. As
the UPR signaling pathway mediates cell pro-
liferation, UPR can be a potential target for
treatment.

In this study, we investigate the clinical rele-
vance of UPR in breast cancer. Given the carci-
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nogenetic role of UPR, we hypothesize that UPR
is associated with cell proliferation in breast
cancer, aggressive breast cancer types, and
poor survival. To investigate the study, we used
the UPR score and total 5,176 samples from
two large sample cohorts METABRIC (n=1,903),
and the GSE96058 (n=3,273) cohorts to study
the function and clinical implications of UPR in
breast cancer [11, 12].

Materials and methods
Cohorts used for analyses

For the main analysis, we used The METABRIC
(n=1,903), and the GSE96058 (n=3,273) co-
horts, which have a large number of BC sam-
ples with transcriptome and clinicopathological
data [13, 14]. The cBio Cancer Genomic portal
and Gene Expression Omnibus (GEO) reposito-
ry were used to obtained these data in the
METABRIC [15] and GSE96058 cohort [16].
GEO repository was also used to obtained tran-
scriptomic and clinical data of GSE75688 [17]
andGSE124647 [18] cohorts.

Infiltration fraction of stromal and immune
cells in tumor microenvironment of BC

The infiltration fraction of stromal and immune
cells in each sample was predicted by the xCell
score, an algorithm with mRNA gene expres-
sion data in bulk tumor [19].

Gene set expression analyses

Gene Set Enrichment Analyses (GSEA) (Java
version 4.0) [20] with MSigDB Hallmark gene
sets collection [21] was used to investigate bio-
logical function of breast cancer, as we previ-
ously reported [22-31]. Statistical significance
was used a false discovery rate (FDR) of 0.25
following the recommendation of the GSEA
software.

Other

All analyses were performed using the R soft-
ware (version 4.1.0). Fisher’'s exact, Kruskal-
Wallis, and Mann-Whitney U test were used to
group comparison. The Kaplan-Meier method
with log-rank test was used to survival analy-
ses.
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Results

High unfolded protein response (UPR) breast
cancer (BC) enriched cell proliferation-related
signaling as well as other precancerous signal-
ing gene sets

Since we previously showed that high UPR HCC
was significantly associated with proliferation-
related gene sets, we were interested to study
the association between UPR and other cancer-
related signaling in breast cancer [9]. To inves-
tigate the association, we performed gene set
enrichment analysis (GSEA) with the molecular
Signatures Database (MSiDB) hallmark gene
sets [20, 21]. The MSIiDB Hallmark defines six
gene sets as cell proliferation related in GSEA.
As we expected, high UPR BC significantly
enriched cell proliferation-related gene sets,
including MYC target vl and v2, E2F targets,
G2M, checkpoint and Mitotic spindle, as well as
DNA repair gene sets, oxidative phosphoryla-
tion, and glycolysis gene sets, in the METABRIC
cohort (Figure 1A and 1B). These results were
validated by GSE96058 cohort. These results
suggest that high UPR was significantly associ-
ated with several pro-cancer-related gene sets,
including cell proliferation-related gene sets, in
not only HCC but also in BC.

UPR was significantly correlated with clinical
aggressiveness in BC

Given the findings that UPR was associated
with cell proliferation related gene sets, we
next checked the association between the UPR
level and clinical factors, including the Ameri-
can Joint Committee on Cancer (AJCC) stage,
Nottingham histological grade (grade 1, 2, and
3), and BC subtypes (estrogen receptor (ER)-
positive/human epidermal growth factor recep-
tor 2 (HER2)-negative, HER2-positive, and triple
negative breast cancer (TNBC)). We found that
UPR level was significantly correlated with AJCC
stage, and Nottingham grade, and was signifi-
cantly low in ER-positive/HER2-negative sub-
type in the METABRIC cohort (Figure 2; all
P<0.001). In AJCC classification, UPR level was
also significantly associated with T-category
(T4/2 vs. T3/4), and N-category (N-negative
vs. N-positive) in both cohorts (Figure S1). The
results of the analysis of grade and subtype
with UPR were validated by GSE96058 cohort
(Figure 2; all P<0.001). These results suggest
that high UPR was significantly associated with
advanced and aggressive BC.
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High UPR was significantly associated with
worse survival in BC, especially ER-positive/
HER2-negative BC

We have previously published that cell prolifer-
ation related scores such as MYC, G2M check-
point and E2F target scores are associated
with clinical aggressiveness and worse survi-
val of patients with multiple cancers including
breast and pancreatic cancer [26, 28, 32].
Here, we have found that high UPR BC are
enriched in cell proliferation related genes
and associated with higher grade and stage.
Therefore, we next focused on the association
of UPR with patient survival in BC. We found
that high UPR was significantly associated with
worse prognosis, including disease free survi-
val (DFS), disease specific survival (DSS) and
overall survival (0S), in breast cancer in the
METABRIC cohort (Figure 3; all P<0.001). The
result of OS analysis was validated in GSE96-
058 (P<0.001). Furthermore, since the UPR
level differs depending on the subtype, we also
investigated the role of low and high UPR levels
in each subtype. Although survival analysis in
HER2-positive and TNBC did not show a signifi-
cant difference between low and high UPR
groups, high UPR in ER-positive/HER2-negative
BC was significantly associated with worse sur-
vival in both cohorts (Figure 3; all P<0.001 in
METABRC, OS; P=0.017 in GSE96058). These
results suggest that high UPR was significantly
associated with worse survival in BC, especially
ER-positive/HER2-negative BC.

Low UPR was significantly associated high
level of enrichment of several gene sets,
including apical junction, coagulation, KRAS
signaling up, in ER-positive/HER2-negative BC

Given the results that UPR in ER-positive/
HER2-negative BC was significantly associated
with worse patient outcome, it is of interest to
study the biology of UPR in the subtypes. To
investigate this question, we performed GSEA
again for ER-positive/HER2-negative BC. We
found that high UPR significantly enriched for
cell proliferation-related gene sets, same as
whole cohort (Figure S1), on the other hand, in-
terestingly low UPR ER-positive/HER2-negative
BC was enriched in several gene sets, including
apical junction, coagulation, KRAS signaling up,
hedgehog signaling, and epithelial mesenchy-
mal transition (EMT), in the METABRIC cohort
(Figure 4). Furthermore, these results were vali-
dated by GSE96058 cohort (Figure 4). These
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Figure 1. Biological function of high and low unfolded protein response (UPR) breast cancer (BC) by Gene set enrichment analysis (GSEA). Gene set enrichment plots
with enrichment gene sets in high UPR BC in both METABRC and GSE96058 cohorts. A. Cell proliferation-related gene sets; MYC targets v1 and v2, E2F targets,
G2M checkpoint, and MITOTIC spindle. B. Other gene sets; MTORC1, DNA repair, PI3K/AKT/MTOR, Glycolysis, and reactive oxygen species (ROS). Median cut-off
was used to perform the analysis. As recommended by the GSEA software, FDR <0.25 defined statistical significance. FDR, False discovery rate; NES, normalized
enrichment score.
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results suggest that the counterbalance of vari-
ous cancer-related signaling pathways leads
to a significant association between UPR level
and patient outcomes in ER-positive/HER2-
negative BC.

High UPR ER-positive/HER2-negative breast
cancer enriched with anti-cancerous immune
cells

The tumor immune microenvironment (TME)
plays an important role in tumor progression,
therapeutic response, drug resistance, and
prognosis in multiple cancers, including breast
cancer [33, 34]. Tumor infiltrating lymphocytes
(TIL) have been identified as a biomarker for
anti-tumor response in BC. CD4*, CD8* T lym-
phocytes which are part of the TIL play a major
role in recognizing tumor antigens and destroy-
ing tumor cells. T helper type | cells (Th1 cells)
secrete interferon gamma (IFN-y), tumor necro-
sis factor alpha, and interleukin -12 which
exhibits anticancer activity. Th2 cells secrete
interleukin 4 which inhibits the secretion of
IFN-y, thereby promoting cancer progression
[35, 36]. The tumor associated macrophages:
M1 distinguishes tumor cells from normal cells
and kills them through its cytotoxic mecha-
nisms whereas M2 macrophages promote
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tumor cell proliferation and invasion [37]. The
T cell lineage yoT cells also has established
anti-cancer effects with interferon-y produc-
tion [38]. As we found that the high UPR
ER-positive/HER2 negative BC is associated
with worse survival, we investigated the TME in
this group. Interestingly, we found that high
UPR ER-positive/HER2-negative breast cancer
was significantly associated with high propor-
tion of Thl cells, M1 macrophages, and ydT
cells, the anti-cancerous immune cells, as well
as Th2 cells, pro-cancerous immune cells, con-
sistently in both cohorts (Figure 5). Although
high UPR ER-positive/HER2-negative breast
cancer was significantly associated with fewer
CD8* T cells, dendritic cells (DC), Tregs in the
METABRIC cohort, these results were not vali-
dated by GSE96058 cohort (Figure 5). These
findings suggest that high UPR was significantly
associated with high infiltration of anti-cancer-
ous immune cells in ER-positive/HER2-negative
breast cancer.

High UPR was significantly associated with low
fraction of stromal cells in BC

Next, we investigated the relationship between

UPR and infiltrating fraction of stromal cells in
TME of ER-positive/HER2-negative because

Am J Cancer Res 2022;12(6):2627-2640
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Figure 3. Clinical relevance of UPR signaling in BC in two large cohorts. Kaplan-Meier curve showing the association
of high vs. low UPR on DFS, DSS, and OS in the METABRIC cohort, and OS in the GSE96058 cohort. Median cut-off
was used to perform the analysis. DFS, disease-free survival; DSS, disease-specific survival; OS, overall survival.

they are also involved in patient outcomes [39,
40]. We found that high UPR ER-positive/HER2-
negative BC was significantly associated with
lower infiltration of several stromal-related
cells, including fibroblasts, adipocytes, endo-
thelial cells, and pericytes, consistently in both
cohorts (Figure 6A; all P<0.001). With these
results showing the association of UPR with
several cells in TME, it was of interest to exam-
ine the relationship between the level of UPR
score within each cell in TME. To investigate
this association, we used single cell sequence
data of the GSE75688 cohort. We found that
UPR score in cancer cells was highest com-
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pared to other cell types, including stromal, T
cell, B cell, and myeloid cells (Figure 6B; P<
0.001). Other cells were also involved in the
expression of the UPR although at lower levels.

High UPR metastatic breast cancer was as-
sociated with worse clinical outcomes

Finally, we investigated the association of UPR
with clinical outcome of patients with metasta-
ses using GSE124647 cohort, which has gene
expression data of metastatic tumors. UPR
can promote metastasis in several ways: by
increasing angiogenesis through the expres-

Am J Cancer Res 2022;12(6):2627-2640



The clinical relevance of UPR in breast cancer

Apical junction Coagulation KRAS signaling up Hedgehog signaling EMT

NES=-145 | |- NES=-139 | [v NES=-139 | [: NES=-1.41 | [’ NES = -1.33
FOR= 020 | [+ FOR= 015 | | FDR= 017 | [* FDR = 022 H FDR = 0.22 /

N ;g\J \f E:\
{ A MR IO CAIAAD | ORI O ] [

1 00

NES=-175 || |- NES=-1.76/ " NES =-1.64 [| | NES =-155 I | NES = -1.64

METABRIC

Enrichment score

FDR = 0.03 / i FDR = 0.03 FDR = 0.07 FDR = 0‘07; FDR= 0.06

2.

GSE96058
Enrichment score

4
151 s cs ce
oy 06 o.c G

Figure 4. Biological function of high and low UPR ER-positive/HER2-negative BC by GSEA. Gene set enrichment plots with enrichment gene sets in low UPR ER-
positive/HER2-negative BC in both METABRC and GSE96058 cohorts. Median cut-off was used to perform the analysis. As recommended by the GSEA software,
FDR <0.25 defined statistical significance. FDR, False discovery rate; NES, normalized enrichment score.

High UPR Low

Anti-Cancerous immune cells — Pro-cancerous immune cells +——
cD8* CcD4* Thi M1 DC &yT Treg Th2 M2
p < 0.001 - p=0.321 p < 0.001 p < 0.001 p =0.042 p < 0.001 p=0.015 p < 0.001 p=0.470
= o - = = &1 — bS] ; - 1 T Y B ; 7 { S -
clesl o Tlol 0 T & SIS - R R I
oo | i sl | : 84 : gl 1 5 1 - : = 1 ‘
28, : [ | 4 R e SEE 3 [ P A =]= [ ==
- | T = =) o) . « o (| sl | = | - ] 5
(8 (28 (a7 55 1BE g am T T e
gl - — |8 Y I S S -3 gl - sl —  |sg gl L |8
UPR Low High Low High Low High - Low High Low High Low High Low High ° Low High Low High
s P= 0.819 p=0.183 p < 0.001 p < 0.001 p=0.073 p =0.001 p < 0.001 p < 0.001 p < 0.001
S | : N © N o | . ® . | @ 7 N : N
: ® : S ' <] ) { $ | 84 H H 8 : —
@ e gl el | | ° | e =S -5 e ml B - 31 R
o8 o 5 — @ i H | i g — & § : 2 i N i 1 i &4 1
S8 T le] i3]l _ —|s]n =5 DRI N Y I R N -3 el T 8]
i 00 a8 a0 ien ing ] 0S8 EE
(%2} = - - 4 i S d | B | A ] a
Ong ggg aL_.Ji‘g_'E g Egm | 8 r 8g gl L
o T T T J o T T o T o T T T T = T o T T o T T
UPR Low High Low High Low High Low High Low High Low High Low High Low High Low High
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macrophages) by low and high UPR in ER-positive/HER2-negative breast cancer in both METABRIC and GSE96058 cohorts. Median cut-off was used to perform the
analysis. P-value was analyzed by Mann-Whitney U test.
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to perform the analysis.

sion of vascular endothelial growth factor
(VEGF), by sustaining tumor cell proliferation,
and through resistance to apoptosis [41, 42].
We found that high UPR was significantly asso-
ciated with worse survival (Figure 7; P=0.041).
Furthermore, high UPR metastatic tumor was
significantly associated with high infiltration of
Thi cells, Th2 cells, and ydT cells, and low infil-
tration of CD8" T cells and Tregs, same as pri-
mary breast cancer (Figure S2A). On the other
hand, there were no association between UPR
score and infiltration of several stromal cells;
fibroblasts, adipocytes, endothelial cells, and
pericytes, in metastatic tumor (Figure S2B).
The result suggests that high UPR in meta-
static tumors is associated with worse clinical
outcome.

Discussion

In this study, we analyzed the association of
unfolded protein response (UPR) with the cell
proliferation rate, signaling pathways, clinical
aggressiveness, tumor immune microenviron-
ment (TME), and prognosis of breast cancer.
We previously reported that high UPR HCC
enriched cell proliferation-related gene sets
and other pro-cancer signaling, including TNFx
signaling via NFkB, IL6/JAK/STAT5, comple-
ment, and angiogenesis [9]. Interestingly, we
found that high UPR BC was significantly
enriched for not only cell proliferation-related
gene sets, but also DNA repair, glycolysis and
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reactive oxygen species. ER-positive/HER2-
negative, the least aggressive subtype, demon-
strated the lowest UPR among breast cancer
subtypes. In addition, high UPR was associated
with higher stage and pathological grade. We
have previously shown that activation of cell
proliferation-related signaling was significantly
associated with a poor prognosis in several
cancers [23, 26, 28, 32, 43]. Our study shows
consistent finding as high UPR was significant-
ly associated with worse clinical outcomes
although it was associated with high infiltra-
tions of immune cells, particularly in ER-posi-
tive/HER2-negative subtype. Low UPR was also
associated with high fraction of stromal cells
including fibroblasts, adipocytes, endothelial
cells and pericytes, whereas it enriched api-
cal junction, coagulation, KRAS signaling UP,
hedgehog signaling and EMT pathways. We
also found that low UPR was associated with
better survival in metastatic BC as well.

UPR acts as a double-edged sword by helping
in maintaining cellular homeostasis but causes
carcinogenesis in the presence of severe ER
stress. Cancer cells are constantly subjected to
a variety of intrinsic stressors such as high
secretory demand despite the low availability of
nutrients, hypoxia and low pH [8]. This leads to
the activation of the UPR signaling pathway.
Extrinsic stressors such as irradiation and
pharmacological agents also subject the tumor
cells to greater stress which activates the UPR
signaling cascade [4, 7]. When the downstream
signaling proteins of the UPR pathway, namely,
PERK, inositol-requiring enzyme-1 (IRE1), and
activating transcription factor-6 (ATF6) are acti-
vated, it leads to abnormal cell proliferation,
oncogenesis, angiogenesis, metabolic reorga-
nization in tumor cells, immortal replication,
invasion and metastasis which are the “hall-
marks of cancer” [44]. UPR is also reported to
be associated with resistance to multiple che-
motherapy regimens in breast cancer including
paclitaxel, vinca alkaloids, cisplatin, doxorubi-
cin, radiation therapy and endocrine therapy
including tamoxifen through its downstream
signaling pathways [45-49]. PERK has been
reported to promote resistance to paclitaxel,
doxorubicin, and radiation in breast cancer [50,
51]. IRE1 has been shown to be associated
with resistance to paclitaxel and doxorubicin in
TNBC and to tamoxifen in ER positive breast
cancers [45, 406].
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The role of UPR-related protein in cancer pro-
gression was shown in a preclinical study by
Jamora et al. The authors observed that when
the UPR-activated stress protein: glucose-regu-
lated protein 78 (GRP78) was suppressed, can-
cer failed to progress [52]. Also, a prior study
showed that downstream signal transducers in
the UPR pathway were overexpressed frequent-
ly in high grade breast cancer when compared
to low grade [53]. Thus, we hypothesized that
high UPR is associated with clinically aggres-
sive breast cancer. Our study indeed showed
that UPR level significantly associated with
advanced stage and higher Nottingham his-
tological grade. In addition, we observed that
high UPR breast cancer significantly enriched
all 5-hallmark cell proliferation-related gene
sets (E2F targets, G2M checkpoint, MYC target
vl and v2, and MITOTIC spindle), as well as
MTORC1 signaling, DNA repair, PISK/AKT/
MTOR signaling, and reactive oxygen species
pathway. The association of some of these
pathways with clinical outcomes of cancers has
been reported by us previously [23, 28, 43]. We
have shown that that MYC targets vl and v2
scores are associated with aggressive tumor
and poor prognosis in ER-positive primary and
metastatic breast cancer [32]. We have also
reported that breast cancer with high activity of
the G2M pathway is aggressive and likely to
metastasize. It was also noticed that metastat-
ic tumors with high activity of the G2M pathway
were associated with significantly worse sur-
vival [23]. In our study in hepatocellular carci-
noma (HCC), we have found that DNA repair
high HCC was associated with worse survival
[54]. These results highlight the prognostic
value of UPR and its potential role as a thera-
peutic agent.

We previously reported that high KRAS signal-
ing was significantly associated with better
patient survival in breast cancer [55]. The
hedgehog signaling pathway plays an important
role in tissue homeostasis, embryonic develop-
ment and normal stem cell differentiation and
processing [56]. The acquisition of mesenchy-
mal features from epithelial cells, which is
called as the epithelial-mesenchymal transition
(EMT) occurs during the tumor progression
[57]. In our study, we have identified that low
UPR ER-positive/HER2-negative BC was enri-
ched in several gene sets, including apical junc-
tion, coagulation, KRAS signaling up, hedgehog
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signaling, and epithelial mesenchymal transi-
tion (EMT).

There is evidence to show that the tumor micro-
environment (TME) plays an important role in
mediating treatment response, resistance to
therapeutic agents and has been evaluated as
a target by multiple novel treatment options in
breast cancer [33, 34]. Tumor infiltrating lym-
phocytes which include the CD8* T cells, CD4*
helper (Thd, Th2) cells, T regulatory cells (Treg),
yoT cells, macrophages (M1, M2), and mast
cells play a major role in the TME. Tumor cells
manipulate the TME for rapid proliferation,
escaping apoptosis, invasion, extravasation,
and metastasis. They secrete pro-inflammatory
mediators, chemokines that attract immune
cells which helps in cell proliferation, angiogen-
esis, tumor development, and progression [58].
The changes and adaptations in the TME are a
form of ER stress which is influenced by the
activity of the UPR signaling pathway sensor
IRE1x [59]. The tumor progression and res-
ponse are mediated by the interplay of precan-
cerous and anti-cancerous cells. Thus, we
decided to study the effect of the UPR on the
TME. We found that high UPR ER-positive/
HER2-negative breast cancer was significantly
associated with high infiltration of Thl cells,
M1 macrophages, and yoT cells, as well as Th2
cells. Stromal cells which include vascular
endothelial cells, fibroblasts, adipocytes, peri-
cytes, and stellate cells constitute an impor-
tant component of the TME [60]. Vascular
endothelial cells promote angiogenesis. The
cancer-associated adipocytes secrete inflam-
matory cytokines which contribute to pro-can-
cer inflammation and promote cancer progres-
sion [39]. Also, adipocytes promote angioge-
nesis, invasion, and metastasis by the produc-
tion of leptin and interleukin-6 [61, 62]. Thus,
we were interested to study the association of
UPR and the stromal cells in breast cancer.
Interestingly, we found that high UPR ER-
positive/HER2-negative BC was significantly
associated with low infiltration of several stro-
mal-related cells.

Our study has certain limitations. As our study
is a retrospective analysis of publicly available
cohorts, it lacks experimental validation as we
did not have access to the patient tissue sam-
ples. As the cohorts that we accessed did not
contain treatment data, we assumed that all
the patients received standard treatments.
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Conclusions

The unfolded protein response (UPR) is associ-
ated with carcinogenesis, cell proliferation-
related and pro-cancerous gene sets, clinical
aggressiveness, and tumor microenvironment
of breast cancer. Low UPR is associated with
better survival in breast cancer, not only in pri-
mary ER-positive/HER2-negative BC, but also
in metastatic BC. UPR score can be used as a
biomarker to predict prognosis in breast cancer
and further study is warranted to investigate its
potential as a novel therapeutic target in breast
cancer.
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Figure S1. Association of UPR with AJCC T and N categories of breast cancer in the METABRIC and GSE96058 co-
horts. Boxplots of UPR levels by AJCC T-category (T1/2 and T3/4 groups) and N-category (N-negative and N-positive).
P-value was analyzed by Kruskal-Wallis test.
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Figure S2. Association of UPR with tumor environment (TME) in metastatic breast cancer. Boxplots of immune cells; anti-cancerous immune cells (CD8+ T cells,
CD4+ T cells, T helper typel (Th1) cells, M1 macrophages, dendritic cells (DC), and ydT cells, as well as pro-cancerous immune cells (Tregs, Th2 cells, and M2
macrophages), and stromal cells (Fibroblasts, Adipocytes, Endothelial cells, and Pericytes), by low and high UPR in metastatic breast cancer in GSE124647 cohort.
Median cut-off was used to perform the analysis. P-value was analyzed by Mann-Whitney U test.



