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ARTICLE INFO ABSTRACT

Keywords: Approximately 70-80% of breast cancers rely on estrogen receptor alpha (ERa) for growth. The unfolded protein
Breast cancer response (UPR), a cellular response to endoplasmic reticulum stress (ERS), is an important process crucial for
ESR1

oncogenic transformation. The effect of ERS on ERa expression and signaling remains incompletely elucidated.
X . Here, we focused on the regulatory mechanisms of ERS on ERa expression in ER-positive breast cancer (ER+ BC).
Endoplasmic reticulum stress | . .
Unfolded protein response Our results demonstrate that ERx protein and mRNA levels in ER+ BC cells are considerably reduced by the ERS
ATF4 inducers thapsigargin (TG) and brefeldin A (BFA) via the PERK/elF2a/ATF4 signaling pathway. ChIP-qPCR and
luciferase reporter gene analysis revealed that ERS induction facilitated ATF4 binding to the ESR1 (the gene
encoding ERa) promoter region, thereby suppressing ESR1 promoter activity and inhibiting ERa expression.
Furthermore, selective activation of PERK signaling or ATF4 overexpression attenuated ERa expression and
tumor cell growth both in vitro and in vivo. In conclusion, our results demonstrate that ERS suppresses ERa
expression transcriptionally via the PERK/eIF20/ATF4 signaling. Our study provides insights into the treatment
of ER+ BC by targeting ERa signaling through selective activation of the PERK branch of the UPR.

ERa

Introduction A, luminal B, HER2-enriched and triple negative breast cancer (TNBC;
ER-/PR-/HER2-) [2,3]. Estrogen receptor (ER), the first identified BC

Breast cancer (BC) is the most prevalent and fatal malignancy in biomarker, is expressed in approximately 70-80% of BC cases [4]. Since
women [1]. Based on the expression status of hormone (estrogen or ERa was first identified by Jensen et al. in 1958 [5], studies have
progesterone) receptors (HR) and human epidermal growth factor re- revealed its role in mediating the essential biological functions of es-
ceptor 2 (HER2), BC is classified into four molecular subtypes: luminal trogen in breast development and tumorigenesis, establishing it as the

Abbreviations: ERa, Estrogen receptor a; UPR, Unfolded protein response; ERS, Endoplasmic reticulum stress; TG, Thapsigargin; BFA, Brefeldin A; HR, Hormone
receptor; HER2, Human epidermal growth factor receptor 2; TNBC, Triple negative breast cancer; ATF6, Activating transcription factor 6; IRE1, Inositol-requiring
enzyme-1; PERK, PRKR-like ER kinase; BiP, Binding-immunoglobulin protein; ERAD, ER-associated protein degradation; CHOP, CCAAT/Enhancer-binding protein
homologous protein; ATF4, Activating transcription factor 4; CHX, Cycloheximide; ActD, Actinomycin D; ChIP, Chromatin immunoprecipitation.
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primary target for endocrine therapy [6]. ERa functions as a transcrip-
tion factor regulating genes linked to tumor cell proliferation and sur-
vival, including insulin-like growth factor-1 receptor (IGF1R), cyclin D1
(CCND1), BCL-2, and vascular endothelial growth factor (VEGF). Acti-
vated ERa signaling induces unique gene expression profiles that influ-
ence tumor growth, morphology, and response to endocrine therapy in
BC patients [7].

Endoplasmic reticulum, the largest cellular organelle, serves as a
platform for protein synthesis, transport, and folding, lipid and steroid
synthesis, and calcium storage [8,9]. Numerous external factors and
intracellular processes can impair endoplasimc reticulum function,
leading to endoplasmic reticulum stress (ERS), which is characterized by
the accumulation of unfolded or misfolded proteins [10]. Genetic,
transcriptional, and metabolic abnormalities prevalent in tumors create
unfavorable microenvironments that induce persistent ERS in cancer
cells, affecting their function, proliferation, and survival [11-13]. Three
endoplasmic reticulum transmembrane proteins — activating transcrip-
tion factor 6 (ATF6), inositol-requiring enzyme 1 (IRE1), and protein
kinase R-like endoplasmic reticulum kinase (PERK) — serve as ERS sen-
sors in mammalian cells [14]. The immunoglobulin-binding protein
(BiP/GRP78) binds to these sensors and maintains their inactive state
under normal proteostatic conditions. During ERS, BiP preferentially
binds to unfolded/misfolded proteins, dissociating from the sensors and
triggering their activation. This initiates the unfolded protein response
(UPR), an adaptive program that restores endoplasmic reticulum ho-
meostasis via transcriptional reprogramming, mRNA decay, global
translational suppression, ER-associated degradation (ERAD), and
autophagy [15]. Activated IRE1 catalyzes non-canonical splicing of
X-box binding protein 1 (XBP1) mRNA, generating the spliced isoform
XBP1s [16]. XBP1s functions as a transcription factor containing a
C-terminal basic leucine zipper (b-ZIP) domain, which induces UPR
target gene expression [17-19]. Activated PERK phosphorylates
eukaryotic translation initiation factor 2a (eIF2a) at Ser51 [20]. elF2a
phosphorylation attenuates global translation, reducing protein influx
into the endoplasmic reticulum and alleviating ERS. Conversely, phos-
phorylated eIF2a selectively enhances activating transcription factor 4
(ATF4) mRNA translation. Under basal conditions, upstream open
reading frames (uORFs) in the 5-untranslated region (5-UTR) repress
ATF4 translation. Phosphorylated elF2a enables ribosomes to bypass
inhibitory uORFs, thereby promoting ATF4 synthesis [21]. Elevated
ATF4 activates transcription of C/EBP homologous protein (CHOP) and
growth arrest and DNA damage-inducible protein 34 (GADD34). ATF6 is
a type II endoplasmic reticulum transmembrane protein with an N-ter-
minal cytoplasmic b-ZIP domain [22]. ERS triggers ATF6 translocation
to the Golgi apparatus, where site-1 protease (S1P) and site-2 protease
(S2P) cleave ATF6 to release its cytoplasmic domain [23]. Consequently,
the 50-kDa N-terminal fragment, termed ATF6(N), translocates to the
nucleus to act as a transcription factor [22]. Mild ERS activates adaptive
responses that restore endoplasmic reticulum homeostasis, promoting
cell survival. In contrast, prolonged or severe ERS triggers apoptotic
pathways [24,25].

Accumulating evidence suggests that ERS plays a key role in cancer
development, and selective activation of ERS/UPR pathways represents
a promising therapeutic strategy [26-31]. Our previous studies
demonstrated that the selective EIF2AK3/PERK activator CCT020312
suppresses TNBC and prostate cancer [32]; additionally, the PI3K in-
hibitor VPS34-IN1 promoted apoptosis in ER+ BC cells by activating the
PERK/ATF4/CHOP pathway. These findings support selective ERS in-
duction as a therapeutic strategy for BC [33]. ERa is the primary ther-
apeutic target in ER+ BC. Emerging evidence indicates crosstalk
between ERa signaling and ERS/UPR in ER+ BC [34,35]. However, the
regulatory mechanisms of ERa signaling under ERS in ER+ BC are not
fully elucidated.

This study aimed to identify the mechanisms underlying ERS-
mediated suppression of ERa expression in ER+ BC. We demonstrated
that activation of PERK/elF20/ATF4 signaling pathway mediates the
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suppression of ERa expression and signaling in ER+ BC cells. Mecha-
nistically, ATF4 directly bound to the ESRI (the gene encoding ERa)
promoter and suppressed its transcriptional activity, thereby inhibiting
ERa signaling. Our study provides insights into the treatment of ER+ BC
by targeting ERa signaling through selective activation of the PERK
branch of the UPR.

Materials and methods
Reagents

Thapsigargin (TG, CAS# 67526-95-8), brefeldin A (BFA, CAS#
20350-15-6), GSK2656157 (CAS# 1337532-29-2), cycloheximide
(CHX, CAS# 66-81-9), actinomycin D (ActD, CAS# 50-76-0), and
CCT020312 (CAS# 324759-76-4) were purchased from MedChemEx-
press (Shanghai, China). Antibodies against BiP (Cat# 3177), PERK
(Cat# 5683), p-elF2u (Cat# 3398), elF2a (Cat# 5324), ATF4 (Cat#
11815), CHOP (Cat# 2895), ATF6 (Cat# 65880), IREla (Cat# 3294),
XBP1s (Cat# 12782), and ERa (Cat# 8644) were obtained from Cell
Signaling Technology (Danvers, MA, USA). B-Actin antibody was ob-
tained from Santa Cruz Biotechnology (Santa Cruz, CA, USA) and Ki-67
antibody (Cat# AF0198) was obtained from Affinity Biosciences
(Zhenjiang, China). Cell Counting Kit-8 (CCK-8) was purchased from
Bimake (Houston, TX, USA). RIPA lysis buffer, BCA protein assay Kkit,
and dual-luciferase reporter assay kit were obtained from Beyotime
Biotechnology (Shanghai, China). PrimeScript™ RT reagent kit with
gDNA eraser (Cat# RR047A) and TB green® Premix Ex TaqTM II (Tli
RNaseH Plus) (Cat# RR820A) for RT-qPCR were purchased from Takara
(Otsu, Japan). SimpleChIP® Enzymatic Chromatin IP Kit (Cat# 9003)
and SimpleChIP® Universal qPCR Master Mix (Cat# 88989) were pur-
chased from Cell Signaling Technology (Danvers, MA, USA). PERK
siRNA, ATF4 siRNA, CHOP siRNA, ATF6 siRNA, and IRE1a siRNA were
purchased from Sangon Biotechnology (Shanghai, China). ATF4-
overexpressing lentivirus (LV5-ATF4), negative control lentivirus
(LV5-GFP), GV238-Basic, GV238-2000, GV238-1300, GV238-600,
GV657-Basic, GV657-ATF4, and GV657-ERa were purchased from
GENE (Shanghai, China). NSG mice (4-6 weeks old, weight 18-22 g)
were obtained from Shanghai Model Organisms Center, Inc. (Beijing,
China). Matrigel was purchased from Corning (Corning, NY, USA).

Cell culture

The human breast cancer cell line MCF-7 (RRID:CVCL_3397) was
purchased from the American Type Culture Collection (ATCC, Manassas,
VA, USA). T47D (RRID:CVCL_0195) was obtained from Shanghai Zhong
Qiao Xin Zhou Biotechnology Co., Ltd. (Shanghai, China). Cell lines
were authenticated by STR profiling, and all experiments were per-
formed with cells within 15 passages. Cells were cultured in DMEM
(Gibco, Grand Island, NY, USA) supplemented with 10% fetal bovine
serum (Gibco, Grand Island, NY, USA) and 1% antibiotics (100 U/mL
penicillin and 100 pg/mL streptomycin, Beyotime Biotechnology,
Shanghai, China) in a humidified atmosphere with 5% CO2 at 37°C. All
experiments were performed with mycoplasma-free cells.

Cell transfection and transduction

Cells were transfected with siRNA or plasmids using Lipo8000™
(Beyotime, Shanghai, China) and Opti-MEM I (Gibco, Grand Island, NY,
USA) low-serum medium for 6-12 h. The medium was then replaced
with normal growth medium, and cells were subjected to further treat-
ment as described in the experimental design.

For lentivirus transduction, cells at 50% confluence were transduced
with ATF4-overexpressing lentivirus (LV5-ATF4) or control lentivirus
(LV5-GFP) according to the manufacturer’s protocol and as previously
described [30]. The medium was refreshed with regular growth medium
for 72 h, after which cells were processed for subsequent analyses.
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Western blotting analysis

Cells were lysed with RIPA lysis buffer (Beyotime Biotechnology,
Shanghai, China) supplemented with protease and phosphatase inhibi-
tor cocktail. Protein concentrations were quantified using the BCA
Protein Assay Kit. Western blotting was performed as previously
described [30]. Briefly, 30 pg of protein was separated by SDS-PAGE and
transferred to PVDF membranes (Millipore, Burlington, MA, USA) after
methanol activation. Membranes were blocked with 5% non-fat milk in
TBST (10 mM Tris-HCI, 0.1 M NaCl, 0.1% Tween 20, pH 7.4) or 5% BSA
for 2 h at room temperature, followed by incubation with primary an-
tibodies (1:1000 dilution, unless otherwise indicated) overnight at 4°C.
After three washes with TBST, membranes were incubated with
HRP-conjugated secondary antibodies for 2 h at room temperature.
Protein bands were visualized using ECL substrate and imaged with a
chemiluminescence detection system (Tanon, Shanghai, China).

Quantitative reverse transcription PCR (RT-qPCR)

Total RNA was extracted from cultured cells using RNAiso Plus,
followed by cDNA synthesis with the PrimeScript™ RT Reagent Kit
(Takara). RT-qPCR was performed as described previously [30]. Primer
sequences for RT-qPCR are provided in Supplementary Table 1.

Cell viability assay

Cells were seeded in 96-well plates (3 x 10*/mL) and were treated as
indicated. Subsequently, 10 pL of CCK-8 solution was added to each
well, and plates were incubated for 1 h at 37°C. Absorbance at 450 nm
was measured using a multimode microplate reader (Varioskan LUX,
Thermo Scientific).. Cell viability was normalized to the control group
and expressed as a percentage.

Real-Time Cell Analysis Using xCELLigence

The xCELLigence real-time cell analysis system (ACEA Biosciences,
San Diego, CA, USA) was used to monitor cellular behavior by
measuring impedance changes. MCF-7 (1 x 10* cells/well) and T47D
cells (1 x 10* cells/well) were seeded in E-plates, followed by treatment
with 12 pM CCT020312 or transfected with an ATF4-overexpressing
plasmid. Data are presented as time-dependent curves showing the
mean Cell Index (CI) + standard deviation (SD). The x-axis represents
the timeline (hours), and the y-axis represents the normalized CI
reflecting cell proliferation.

Double luciferase reporter assay

MCF-7 and T47D cells were seeded in 24-well plates (5 x 10* cells/
well) and transfected with 1 pL of Lipo8000™ (Beyotime, Shanghai,
China), and 0.5 pg of reporter plasmids of GV238-Basic, GV238-2000,
GV238-1300, GV238-600, GV657-ATF4 and CV045-TK Promoter-
Renilla Luciferase in 25 pL of Opti-MEM. After 24 h of incubation, the
cells were treated with 1 pM TG or dimethyl sulfoxide (DMSO) for 24 h
and harvested for luciferase reporter assay, which was performed with a
Dual Luciferase Reporter Gene Assay Kit (RG027, Beyotime, Shanghai,
China) according to the manufacturer’s protocol. Relative luciferase
activity (Firefly/Renilla luminescence ratio) was calculated and
expressed as mean =+ SD.

ChIP-gPCR

The ChIP assay was conducted using a SimpleChIP® Enzymatic
Chromatin IP Kit (Magnetic Beads) (Cat# 9003S; Cell Signaling Tech-
nology Inc.) according to the manufacturer’s instructions and as previ-
ously described [30]. Briefly, MCF-7 and T47D cells (3 x 10%/mlL) were
seeded in 10-cm dishes and treated the following day with 1 pM TG for
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24 h. Cells were crosslinked with 1% formaldehyde at 25°C for 10 min.
Then, 0.125 M glycine was added to stop the reaction. Cells were lysed
on ice and ultrasonically treated to obtain the genomic DNA fragments.
Subsequently, the fragments were immunoprecipitated with anti-ATF4,
anti-H3, and anti-IgG antibodies (CST, Danvers, MA, USA). DNA was
amplified using PCR with SimpleChIP® Universal qPCR Master Mix
(Cat# 88989s; Cell Signaling Technology Inc.). PCR was performed
under the following reaction conditions: initial denaturation at 95°C for
3 min, denaturation at 95 °C for 15 s, and annealing and extension at
60°C for 60 s (40 cycles). The PCR products were identified using 2.0%
agarose gel electrophoresis. The primers used for ChIP-qPCR are listed in
Supplementary Table 2.

Tissue microarray and Immunofluorescence staining

A commercially available breast cancer (BC) tissue microarray
comprising 75 ER+ BC cases was obtained from Shanghai Outdo Biotech
Company (Shanghai, China). Tissues were fixed in neutral-buffered
formalin and embedded as adjacent 1-mm cores on the microarray.
The ER+ BC tissue microarray was incubated with a specific primary
antibody at 4 °C overnight. Sections were then incubated for 1 h with
Alexa Fluor 488-conjugated goat anti-mouse and Alexa Fluor 647-conju-
gated donkey anti-rabbit secondary antibodies (Thermo Fisher Scienti-
fic). Nuclei were counterstained with 0.1 pg/mL DAPI (Sigma-Aldrich).
Fluorescence images were acquired using a Pannoramic MIDI scanner
(3DHISTECH Ltd.) and quantified with CaseViewer software.The study
was approved by the Ethics Committee of Shanghai Outdo Biotech
Company (Ethics Approval No. YB M-05-01). For the detail information
on tissue microarray, please see the supplementary file entitled Tissue
Microarray.

Xenograft mouse model

The animal experiments were performed in accordance with the
National Guidelines for Animal Care and Use and approved by the An-
imal Care and Use Committee of Chongqing Medical University (IACUC
protocol number: 2022124). A subcutaneous xenograft model was
established in NSG mice, which were housed in a SPF facility witha 12 h
artificial light-dark cycle at Chongqing Medical University, by inocu-
lating MCF-7 cells (2 x 10° cells/100 pL per NSG mouse) stably
expressing LV5-GFP or LV5-ATF4 (GENE, Shanghai, China) mixed with
Matrigel (1:1). When tumors grew to ~40-50 mm3, tumor growth in the
mice was measured every 3 days. The tumor volume (V) was measured
using a slide caliper and calculated using the following formula: V
(mm?®) = 0.5 x abz, where a and b represent the long diameter and
perpendicular short diameter (mm) of the tumor, respectively.

Statistical analysis

Statistical analyses were performed using GraphPad Prism 8.0
(GraphPad Software, San Diego, CA, USA). Data are presented as mean
+ standard deviation (SD). Unpaired two-tailed Student’s t test was used
for comparisons between two groups. Multiple group comparisons were
assessed by one-way ANOVA followed by Tukey’s post-hoc test. Statis-
tical significance was defined as p < 0.05. All experiments were inde-
pendently repeated at least three times. The correlation between ERa
and ATF4 expression in the tissue microarray was assessed by Pearson’s
correlation coefficient.

Results
ERS suppresses ERa expression in ER+ BC cells
To explore the effects of ERS on ERa expression, ER+ BC cell lines

MCF-7 and T47D were treated with two different ERS inducers thapsi-
gargin (TG) and brefeldin A (BFA). Western blotting results showed that
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Fig. 1. ERS inducers decrease ERx protein and mRNA levels in ER+ BC cell lines. (a, b) After exposure to 1 pM TG or 0.3 pM BFA for 24 h, MCF-7 (a) and T47D
cells (b) were harvested for western blotting. (c, d) MCF-7 (c) and T47D (d) cells were treated with different concentrations of TG for 24 h or with 1 pM TG for the
indicated time, and then cells were collected for western blotting. (e, f) MCF-7 (e) and T47D (f) cells were treated with different concentrations of BFA for 24 h or
with 0.3 pM BFA for the indicated time, and then cells were collected for western blotting. (g, h) MCF-7 (g) and T47D (h) cells were treated with different con-
centrations of TG or BFA for 24 h or 1 pM TG or 0.3 uM BFA for the indicated time. Then, cells were collected for quantitative RT-PCR assay. The relative expression
of ERe mRNA was normalized to that of f-Actin and presented as the mean + SD (n = 4). Student’s t test, *p < 0.05, **p < 0.01, ***p < 0.001, or ****

control. TG, thapsigargin; BFA, brefeldin A.

the levels of the ERS markers (BiP, CHOP and ATF4) were markedly
increased by TG or BFA (Fig. 1a, b, and Supplementary Fig. Sla, b),
while ERa levels were downregulated by TG and BFA in dose- and time-
dependent manners in both MCF-7 (Fig. 1c, e) and T47D (Fig. 1d, f) cell

lines. We also examined the effects of TG and BFA on ERa mRNA levels.
RT-qPCR results showed that TG and BFA reduced ERa mRNA levels in
dose- and time- dependent manners (Fig. 1g, h), suggesting that ERS
suppresses ERa expression at both protein and mRNA levels. Serum- and



Y. Wu et al. Neoplasia 65 (2025) 101165
a) b)
MCF-7 T47D
CHX + + + + + + + + + + + + + + CHX + + + + + + + + + + + + + +
TG - = = = = = = 4+ 4+ + + + + + TG = = = = = = -+ o+ o+ o+
TG(h) 0 2 4 6 81012 0 2 4 6 8 1012 TG() 0 2 4 6 81012 0 2 4 6 8 1012
ERGI-----‘—_..---' j ERa I----- — — Gww e -__I
p53|-" —— I p53 [= - - |
CHOP | =] CHOP | el
GAPDH (= e e oo e@ oo wo | GAPDH | ]
BiP| =7 BiP | ——=]
TN ] R p———— GAPDH [« - |
c) d)
E- .
£ 10 2 1
° — ERa: CHX o — ERa: CHX
S o8 —~ ERa:CHX+TG o _ 08 — ER«: CHX+TG
o °w
§ g 0. § g 0.6
25 o4 85 04
83 83
5L o2 3L 02
3 o
2 oo+ T T T T T ) 2 o004 T T T T T )
% 2 4 6 8 10 12 % 2 4 6 8 10 12
4 Time (hours) © Time (hours)
e) f)
MCF-7 T47D
GV657 GV657-ERa GV657 GV657-ERa
TG(h) 0 6122448 0 6 12 24 48 TG(h) 0 6 1224480 6 12 24 48
ERa[= =~ - epwwwe]| ERa [= = - - |
BiP | == 3 T - BiP | = 1 =3
CHOP | - - e | CHOP | - — |
B-Actin I——--------I B-Actin I —— N — |
ATF4| — — e  — = =] ATF4 | ——— — ]|
GAPDH : :-—.' GAPDH l I
g) h)
- MCF-7 . T47D
2 10 2 10
2 - ActD @ -o- ActD
3 = ActD+TG g = ActD+TG
w w
< <
g os g os
£ £
o o
© ©
w w
2 2
< 00+ T T T | < 0.0+ T T T |
€ 0 2 4 6 8 0 2 4 6 8
ActD (hours) ActD (hours)

Fig. 2. ERS downregulates ERa expression at the transcriptional level in ER+ BC cells. (a, b) MCF-7 (a) and T47D (b) cells were pretreated with 100 pg/mL
CHX for 1 h and then treated with or without 1 pM TG for the indicated times. After TG treatment, cells were collected for western blotting. p53 is a short live protein
served as a control for CHX treatment. (c, d) Quantification of ERa protein normalized to GAPDH in MCF-7 (c) and T47D (d) cells (n=3). (e, f) MCF-7 (e) and T47D (f)
cells were transfected with empty vector (GV657) or ERa overexpression vector (GV657-ERa) and then treated with or without TG for the indicated times. Cells were
collected for western blotting. (g, h) MCF-7 (g) and T47D (h) cells were pretreated with 1 pg/mL ActD for 0.5 h and then treated with or without 1 pM TG for the
indicated time. Then, cells were collected for quantitative RT-PCR assay (n = 4). All data are presented as mean =+ SD. Statistical significance determined by Student’s
t test. The abbreviations TG, BFA, CHX, and ActD stand for thapsigargin, brefeldin A, cycloheximide, and actinomycin D, respectively.

glucocorticoid-regulated kinase 3 (SGK3) and growth regulation by es-
trogen in breast cancer 1 (GREB1) are two well-known ERa target genes
and play import roles in ERa signaling [36,37]. RT-qPCR results showed
that TG and BFA also decreased mRNA levels of SGK3 and GREBI
(Supplemental Fig.S1 c), which support that ERS suppresses ERa
signaling. Given that ERa signaling is critical for ER+ BC cell growth, we
examined the effects of TG and BFA on the cell viability of MCF-7 and
T47D cells. As shown in Supplementary Fig.S1d-g, TG and BFA
dose-dependently reduced cell viability in both cell lines.

ERS decreases ERa expression at the transcriptional level

To investigate the mechanism underlying ERS-mediated suppression
of ERa expression was explored, we first examined whether ERS accel-
erated the degradation of ER« protein. We applied the protein synthesis
inhibitor cycloheximide (CHX) to investigate whether ERS reduced ERa
protein stability. In MCF-7 and T47D cells, ERa protein levels decreased
following CHX treatment, and no appreciable change was found in ERa
degradation rate in the presence of TG compared to vehicle control
(Fig. 2a-d). Additionally, endogenous ERa protein expression, but not
exogenously overexpressed ERa protein, progressively dropped
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Fig. 3. ERS inhibits ERa expression through the PERK signaling in ER+ BC cell lines. (a, b) MCF-7 (a) and T47D (b) cells were pretreated with 1 pM
GSK2656157 (GSK) for 1 h, followed by treatment with or without 1 pM TG for 24 h. Cells were then harvested for western blotting. (¢, d) MCF-7 (c¢) and T47D (d)
cells were pretreated with 25 pM 4u8C for 1 h, followed by treatment with or without 1 pM TG for 24 h. Then cells were collected for western blotting. (e, f) MCF-7
(e) and T47D (f) cells were transfected with control siRNA (siNC) or IRE1a siRNA (siIRE1a) for 24 h, followed by treatment with or without TG for 24 h. Cells were
collected for western blotting. (g, h) MCF-7 (g) and T47D (h) cells were transfected with siNC or PERK siRNA (siPERK) for 24 h, followed by treatment with or
without TG for 24 h. Cells were collected for western blotting. (i, j) MCF-7 (i) and T47D (j) cells were transfected with siNC or ATF6 siRNA (siATF6) for 24 h, followed
by treatment with or without TG for 24 h. Cells were collected for western blotting.

following TG intervention in ER+ breast cancer cell lines. (Fig. 2e, f).
These findings suggested that TG did not affect ERa protein stability or
facilitate its degradation. The transcriptional inhibitor actinomycin D
(ActD) was then used to assess the impact of ERS on the stability of ER«
mRNA. The results demonstrated that TG had no impact on the degra-
dation rate of ERa mRNA in MCF-7 and T47D cells (Fig. 2g, h). Together
with the results that ERS inducers reduced ERa mRNA levels (Fig. 1g, h),
these findings indicate that ERS inhibits ERa expression by decreasing
its mRNA production rather than by enhancing mRNA degradation.
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ERS suppresses ERa expression via the PERK/elF2a/ATF4 pathway

PERK, ATF6, and IREla are the three main sensors that become
active under ERS. We initially used commercially available IRE1la and
PERK inhibitors and studied their effects on ERS-induced ERa down-
regulation to determine which signaling pathway is responsible. In MCF-
7 and T47D cells, TG increased the levels of PERK downstream targets p-
elF2a, ATF4, and CHOP, whereas the PERK inhibitor GSK2656157
blocked the TG-induced elevation in p-eIF2a, ATF4, and CHOP levels
(Fig. 3a, b), confirming that GSK2656157 is a PERK inhibitor and can
block TG-induced PERK activation. XBP1, a key downstream target of
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Fig. 4. The selective EIF2AK3/PERK activator CCT020312 decreases ERa expression and cell viability in ER+ BC cell lines. (a, b) MCF-7 (a) and T47D (b)
cells were treated with 14 pM CCT020312 or 1 pM TG for 24 h. Then cells were collected for western blotting. (c, d) MCF-7 (c) and T47D (d) cells were treated with

14 pM CCT020312 or 1 pM TG for 24 h. CCK-8 assay was used to analyse the cell viability (n = 6). One-way ANOVA analysis,

*#¥kp < 0.0001 vs. control.
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Fig. 5. ERS decreases ERa expression through ATF4 in ER+ BC cell lines. (a, b) MCF-7 (a) and T47D (b) cells were transfected with control siRNA (siNC) or ATF4
siRNA (siATF4) for 24 h, followed by treatment with or without TG for 24 h. Cells were harvested for western blotting. (c, d) MCF-7 (c) and T47D (d) cells were
transfected with siNC or CHOP siRNA (siCHOP) for 24 h, followed by treatment with or without TG for 24 h. Cells were harvested for western blotting. (e-h) MCF-7
and T47D cells were transfected with empty control plasmid GV657 or ATF4 overexpression plasmid (GV657-ATF4). Cells were harvested for western blotting (e, f)
or subjected to CCK-8 assays (n = 6) (g, h). Student’s ¢ test, ****p < 0.0001 vs. GV657 control. (i) MCF-7 cells were transduced with control lentivirus (LV5-GFP) or
ATF4-expressing lentivirus (LV5-ATF4), and (j) T47D cells were transfected with empty vector control GV657 or GV657-ATF4. Cell proliferation was detected using

xCELLigence real-time cell analysis (n = 3).

IRE1a, is spliced into its active form (XBP1s) upon IREla activation. TG
significantly elevated XBP1s levels, and the IREla inhibitor 4p8C
blocked the TG-induced increase in XBP1s levels (Fig. 3c, d), confirming
that 4p8C suppresses IREla activity. Surprisingly, GSK2656157, but not
4p8C, successfully hindered TG-induced ERa reduction (Fig. 3a-d),
indicating that the PERK pathway mediates ERS-induced ERa down-
regulation. Furthermore, PERK knockdown, but not IREla or ATF6
knockdown, reversed the TG-induced ERa reduction (Fig. 3e-j). These
findings support that the PERK pathway, rather than the IRE1a or ATF6
pathways, was involved in the ERS-induced ERa reduction. To further
confirm that activating the PERK pathway reduced ERa expression, ER+
BC cells were treated with the selective EIF2AK3/PERK activator
CCT020312. As expected, CCT020312 treatment increased p-elF2a,
ATF4, and CHOP levels (Fig. 4a, b) and significantly reduced ERa
expression in both cell lines (Fig. 4a, b). Furthermore, CCT020312
treatment reduced the cell viability of MCF-7 and T47D (Fig. 4c, d).
We then studied whether ATF4 and CHOP, which are major tran-
scription factors downstream of the PERK signaling pathway, are
involved in regulating ERa expression. MCF-7 and T47D cells were
transfected with ATF4- or CHOP-targeting siRNAs to suppress their
expression, followed by treatment with TG for 24 h. As shown in Fig. 5a,

b, ATF4 knockdown hindered TG-mediated ATF4 upregulation and
attenuated TG-induced ERa downregulation. In contrast, CHOP knock-
down blocked TG-mediated CHOP elevation but did not reverse ERa
downregulation (Fig. 5c, d). These results suggested that the ERS-
induced reduction in ERa expression was mediated by ATF4. To
further validate ATF4’s role in ERa regulation, we overexpressed ATF4
in MCF-7 and T47D cells. The results demonstrated that expression of
CHOP, downstream of ATF4, was upregulated, while ERa levels were
significantly decreased in cells transfected with the ATF4 overexpression
vector (Fig. 5e, f). Consistent with ERa suppression, ATF4 over-
expression markedly decreased the levels of ERa downstream targets
SGK3 and GREBI and cell viability (Fig. 5g—j, and Supplemental data
Fig.S2).

ERS boosts the binding of ATF4 to the ESR1 promoter and suppresses ESR1
promoter activity in ER+ BC cells

Chromatin immunoprecipitation (ChIP)-qPCR was carried out to
further examine the molecular processes underlying the regulation of
ESR1 gene expression by ERS. After immunoprecipitation with anti-
ATF4, chromatin DNA from MCF-7 and T47D cells was extracted and
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Fig. 6. ATF4 binds to the ESR1 promoter region and suppresses ESR1 promoter activity. (a) The ChIP-qPCR assay was conducted with ATF4 antibody in MCF-7
and T47D cells that were treated with or without 1 pM TG for 24 h. DNA enrichment was quantified by qPCR with standard curves generated from serially diluted
input DNA and expressed as mean + SD (n = 3). Student’s t test, ns p > 0.05, *p < 0.05, **p < 0.01, ***p < 0.001, or ****p < 0.0001 vs. control. (b) ChIP-qgPCR
products were visualized by electrophoresis in a 2% agarose-gel. (c) Schematic diagram of the ESR1 promoter region showing ATF4 binding sites. (d) The potential
binding sites of ATF4 on the ESR1 promoter were predicted by JASPAR. (e, f) MCF-7 (e) and T47D cells (f) were transfected with ESR1 luciferase reporter plasmids or
control plasmid GV238-Basic and then treated with 1 pM TG. Luciferase activities were measured using a dual-luciferase reporter assay system according to the
manufacturer’s protocol. The relative luciferase activity was calculated and expressed as the mean + SD. Student’s t test, ****p < 0.0001 vs. GV238-Basic (DMSO);
####1 < 0.0001 vs. corresponding GV238-ESR1 (n = 3). (g, h) ESR1 luciferase reporter plasmids and ATF4 overexpression plasmids or empty vector control were co-
transfected into MCF-7 (g) and T47D cells (h). Luciferase activities were measured and the relative luciferase activity was calculated and expressed as the mean + SD.
Student’s t test, ****p < 0.0001 vs. GV238-Basic (DMSO); *#*##p < 0.0001 vs. corresponding GV238-ESR1 (n = 3). ChIP-qPCR, chromatin immunoprecipitation-

quantitative PCR.

purified. Using 14 primer pairs within the ESR1 promoter region, the
enriched DNA was determined using real-time PCR, and also sequenced.
The outcomes demonstrated that the PCR products (primers ESR1-2:
1945-1847 nt, ESR1-3: 1870-1766 nt, ESR1-4: 1667-1527 nt, ESR1-5:
1547-1428 nt, ESR1-11: 1969-557 nt, primer ESR1-12: 294-154 nt,
and primer ESR1-14: 252-103 nt) were identified in the ATF4 immu-
noprecipitated group (Fig. 6a, Supplementary Fig. 3a). Additionally, the
agarose gel electrophoresis assay results suggested that TG increased the
binding of the ATF4 protein to these seven ESR1 promoter regions
(Fig. 6b, Supplementary Fig. 3b). Furthermore, the results of the pro-
moter and transcription factor-binding site prediction analysis (http:
//jaspar.genereg.net/analysis) revealed the presence of ATF4 binding
sites in the ESR1 promoter region with a relative profile score threshold
of >75% (Fig. 6d). These findings suggested that ATF4 may bind to the
ESR1 promoter region. We employed luciferase assays to confirm that
ATF4 binds to the ESRI promoter. Different reporters were transfected
into MCF-7 and T47D cells and then treated with or without TG. The
results revealed that in the absence of TG, the luciferase activities of the
reporters GV238-ESR1-2000 (—2000 to O nt), GV238-ESR1-1300
(—1300 to 0 nt), and GV238-ESR1-600 (—600 to O nt) were signifi-
cantly higher (p < 0.01) than those of GV238-Basic (Fig. 6e, f), sup-
porting the notion that these regions contained the ESR1 promoter and/
or cis-regulatory elements. TG treatment suppressed luciferase activity
of these constructs (Fig. 6e, f), further indicating that the -1945 to -1428
nt and -691 to -103 nt regions contain ERS-responsive cis-elements.
Similar results were observed when ATF4 overexpression plasmids and
ESRI1 luciferase reporter plasmids were co-transfected into MCF-7 and
T47D cells (Fig. 6g, h). The aforementioned findings demonstrated that
ATF4 could bind to the ESR1 promoter region from —1945 to —1428 nt
and from —691 to —103 nt, and both ERS and ATF4 overexpression
could suppress ESR1 promoter activity.

ATF4 overexpression inhibits ERa expression and tumor growth in vivo

We next explored the correlation between ATF4 and ERa in vivo. We
assessed ERa and ATF4 mRNA expression levels in clinical samples of
breast tumors (n = 1085) from the Gene Expression Profiling Interactive
Analysis (GEPIA) datasets (http://gepia.cancer-pku.cn/). The results
showed that ATF4 mRNA expression levels were lower in invasive breast
cancer than in normal breast tissues. Conversely, ERo mRNA expression
levels were higher in invasive breast cancer (Fig. S4a, b). Additionally,
the correlation between ERa and ATF4 was explored by ER+ BC tissue
microarray. As shown in Fig. S3c and d, ERa and ATF4 had a negative
correlation (r = —0.4629) in ER+ BC (Fig. S4c, d).

To validate these findings in vivo, MCF-7 cells stably overexpressing
ATF4 were orthotopically implanted into NSG mice (Fig. 7a). Compared
to control xenograft mice, tumor volumes were lower in mice with ATF4
overexpression (Fig. 7b, d, e). There were no differences in body weights
between any of the groups (Fig. 7c). Immunohistochemical analysis
revealed significantly lower Ki-67 (proliferation marker) and ERa
expression in ATF4-overexpressing tumors compared to controls
(Fig. 7f). ATF4 overexpression reduced ERa expression, which was
further confirmed by Western blotting (Fig. 7g). Taken together, these
findings revealed that ATF4 overexpression inhibited ERa expression

and tumor cell growth in vivo.
Discussion

BC is the most prevalent, most commonly diagnosed, and leading
cause of cancer-related death in women [1]. The most effective target for
endocrine therapy is the ERa, which is expressed in the majority of BC
cases [38,39]. ERa is responsible for initiating a network of signaling
pathways that drive breast tissue differentiation and proliferation [6,
40]. ER+ BC patients normally receive endocrine therapy. Endocrine
therapy suppresses ER+ BC progression through two primary mecha-
nisms: 1) blocking estrogen binding to ERa or promoting its degradation,
mediated by selective estrogen receptor modulators (SERMs, e.g.,
tamoxifen) and selective estrogen receptor degraders (SERDs, e.g., ful-
vestrant); 2) reducing estrogen levels via aromatase inhibitors (Als),
which inhibit peripheral estradiol synthesis in postmenopausal women
[41-46]. Endocrine therapies significantly improve the prognosis of
ER-+ BC patients by targeting ERa signaling. However, de novo or ac-
quired resistance to endocrine therapy remains a major clinical chal-
lenge [47]. ESRI-mutant breast cancer poses significant therapeutic
challenges, as ERa mutations driving constitutive transcriptional activ-
ity and reduced anti-estrogen sensitivity are key contributors to endo-
crine resistance [48]. Molecular dynamics simulations of ER«a
ligand-binding domain (LBD) mutations (e.g., Y537S and D538G)
revealed that these mutations induce conformational changes in ERa
structure. These mutations enhance hydrogen bonding within the LBD,
stabilizing the agonist-bound conformation of ERa [49]. Therefore,
developing new classes of pharmacological inhibitors to target mutant
ERa is imperative. We propose that transcriptional suppression of ESR1
may overcome resistance driven by ERa mutations.

As a transcription factor, ERa drives the expression of genes involved
in tumor proliferation and growth, while its own expression is tightly
controlled by upstream transcriptional regulators. For example, Twist
Family BHLH Transcription Factor 1 (TWIST), a basic helix-loop-helix
transcription factor and a mesenchymal marker, has been shown to
bind to the ESR1 promoter and suppress ERa transcription [50]. FOXC1
competes with GATA-binding protein 3 (GATA3) for the same binding
regions in the cis-regulatory elements upstream of the ESR1 and thereby
downregulates ERa expression and consequently reduces its transcrip-
tional activity [51].

ATF4, a member of the cAMP-responsive element-binding protein
family of basic zipper-containing proteins [52,53], is a transcription
factor that regulates the cellular response to stress including UPR acti-
vated by ERS, the cellular response to low oxygen levels, and the amino
acid response (AAR) activated by amino acid deprivation [54,55]. ERS,
amino acid limitation, hypoxia, and oxidative stress all activate ATF4
via both p-elF2a-dependent and p-elF2a-independent mechanisms [54].
ATF4 controls genes involved in amino acid transport and metabolism,
protection against oxidative stress, and protein homeostasis [56].
However, ATF4 can also induce apoptosis, cell cycle arrest, and senes-
cence [55,57]. During ERS, ATF4 activation hinges on the PERK-elF2«x
axis, which subsequently prompts ATF4 to induce the expression of
CHOP and several other related proteins involved in autophagy, anti-
oxidant defense, and cell death pathways [58,59].
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Fig. 7. ATF4 overexpression inhibits ERa expression and tumor growth in an MCF-7 orthotopic xenograft model. (a) Schematic of the experimental design for
the MCF-7 orthotopic xenograft model. (b) Effect of ATF4 overexpression on the growth of MCF-7 xenograft tumors. Tumor volume was measured every 3 days and
presented as the mean + SD. Student’s t test, ****p < 0.0001 vs. LV5-GFP, n = 6. (c) Body weight changes in mice during the 21-day study period (n = 6). (d)
Representative image of tumors from each group. (e) Tumor weight was measured at the end of the study. Student’s t test, ****p < 0.0001 vs. LV5-GFP, n = 6. (f)
Immunohistochemical staining of Ki-67 and ERa in tumor sections. Scale bar: 50 pm. (g) Representative tumor tissues from each group were prepared and subjected

to western blot analysis.

Wang et al. previously reported that upregulation of SGK3 is essen-
tial for preventing extensive ERS by maintaining endoplasmic reticulum
calcium pump (SERCA2b) function during acquiring aromatase inhibi-
tor resistance, thus sustaining ERo signaling by preventing over-
activation of the PERK arm [37]. Our previous studies demonstrated that
the selective EIF2AK3/PERK activator CCT020312 inhibited the devel-
opment of triple-negative breast and prostate cancers [32]. Additionally,
the PI3K-targeting inhibitor VPS34-IN1 promoted apoptosis in
ER-positive breast cancer cells by activating the PERK/ATF4/CHOP
signaling pathway, suggesting that modulating ERS may be a potential

10

strategy for the treatment of breast cancer [33]. However, the effect of
ERS on ERa expression remains not fully elucidated. Given that ERa is
still a critical player in ER+ breast cancer including endocrine-resistant
ER+ BC [60,61], we proposed a therapeutic strategy to reduce ERa
expression transcriptionally by leveraging the UPR-mediated suppres-
sion of protein synthesis. Our findings demonstrated that ERo mRNA
and protein levels in ER+ breast cancer cell lines were significantly
reduced following treatment with ERS inducers (TG and BFA).
Furthermore, we identified that ERS inhibits ERa transcription via the
PERK branch and thus reduces ERa expression.
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Fig. 8. Proposed mechanism of ERS-mediated suppression of ERa expression. ERS activates the PERK/elF20/ATF4 signaling pathway, leading to ATF4 binding
at the ESR1 promoter and repression of its transcriptional activity, thereby suppressing ESR1 expression.

Our results demonstrate that the ERS-induced ERa reduction is
mediated by the PERK pathway rather than the IRE1 and ATF6 path-
ways. Further mechanistic studies showed that TG and ATF4 over-
expression suppressed ESR1 promoter activity and that ATF4 could bind
to the ESR1 promoter region from -1945 to -1428 nt and from -691 to
-103 nt. Then, we examined the expression of ERa and the inhibitory
effects on tumor growth in vivo, using lentivirus-mediated delivery of
ATF4 in an orthotopic xenograft model. Our results demonstrated that
ATF4 overexpression in an MCF-7 xenograft model significantly
inhibited tumor growth and reduced ERa protein levels. The in vivo re-
sults were consistent with the findings from in vitro studies. Therefore,
we conclude that the reduction in ERa expression induced by ERS is
mediated by the PERK/elF2a/ATF4 pathway (Fig. 8). In our previous
study, we revealed that VPS34-IN1 can activate the PERK pathway [33].
Consistent with our current findings, VPS34-IN1 downregulated ERx
expression in ER+ breast cancer cells, likely via activation of the PER-
K/elF20/ATF4 signaling pathway. Our results identify ATF4 as a novel
transcription factor regulating ERa expression in BC. While ATF4 typi-
cally functions as a transcriptional activator, it has also been reported
that ATF4 suppresses the expression of some genes which contain
documented ATF4 binding sites near the transcriptional start sites [62].
In this study, we found that ATF4 bound to ESRI promoter region and
suppressed its transcription, although the detailed suppressing mecha-
nism still needs to be revealed. According to previous studies [63-66], a
single transcription factor can exhibit dual regulatory functions—both
activating and repressing gene expression—depending on contextual
determinants including (1) specific DNA binding motifs, (2) interacting
co-regulatory partners, (3) cellular microenvironmental conditions, and
(4) chromatin architecture of target promoters. MAX, for example,
functions as a transcriptional repressor when forming heterodimers with
MNT/MXD1, yet functions as an activator upon dimerization with MYC
[67]. Given our previous discovery that ERS downregulates androgen
receptor (AR) expression via PERK/elF2a/ATF4 signaling in luminar AR
TNBC and prostate cancer, we consider that ATF4 might share the
similar transcriptional regulatory mechanism on ESRI under ERS con-
ditions in ER+ BC.

Emerging evidence suggests crosstalk between the ERS/UPR and ER«
signaling. Andruska et al. have reported that estrogen activated antici-
patory UPR to prepare for proliferation [34], whereas Fan & Jordan
demonstrated that estrogen hyperactivates ERo to induce apoptosis
through the PERK branch of UPR in endocrine-resistant BC [35]. These

11

studies suggest that estrogen/ERa can activate UPR/ERS and lead to
divergent biological effects (e.g. proliferation and apoptosis) dependent
on cellular context (hormone-responsive or endocrine-resistant BC
cells). In the current study, we found that ERS downregulated ERa
expression through the PERK branch of UPR, and selective activation of
PERK branch by small-molecule compound CCT020312 resulted in
reduced ERa expression and suppressed cell viability in ER+ BC cells.
Our study provides new insights into the crosstalk between ERS/UPR
and ERa signaling.

Conclusions

In conclusion, our investigation demonstrates that ESRI is a novel
ERS response gene and that the PERK/elF2a/ATF4 signaling pathway
mediates ERS-induced downregulation of ERa expression. Our findings
provide mechanistic insights into how ERS suppresses ERa expression
and signaling in ER+ BC. Targeting the UPR represents a promising
therapeutic strategy for the treatment of ER+ BC.
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