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Purpose: The present study aims to demonstrate the correlation between estrogen-related 
receptor α (ERRα) and G protein-coupled estrogen receptor (GPER) expression and its 
predictive role in the prognosis of patients with triple-negative breast cancer (TNBC).
Methods: A retrospective review of 199 cases of TNBC was conducted to assess the GPER 
and ERRα expression, and its clinicopathologic and prognostic implications. Subsequently, 
the effects of ERRα and GPER on cell viability, migration, and invasion induced by estrogen 
were also investigated in vitro.
Results: Compared to TNBCs with ERRα low expression, ERRα-high patients exhibited 
higher nuclear grade, more frequent lymph nodal metastasis, a higher rate of local recur-
rence, and distant metastasis. Survival analyses revealed that ERRα-high patients had 
decreased overall survival (OS), local recurrence-free survival (LRFS), and distant disease- 
free survival (DDFS) than ERRα-low patients. The GPER expression level positively 
correlated with ERRα (R=0.167, P=0.18), and TNBCs with ERRα-low/GPER-low demon-
strated the best survival outcomes among groups. In vitro, E2 significantly enhanced cell 
viability, migration, and invasion in BT-549 and MDA-MB-231 cell lines, which was 
associated with the increased expression of ERRα. Moreover, the overexpression of ERRα 
induced by estrogen and G1 (GPER agonist) was reversed by knocking down of GPER and 
blocking the MAPK signaling with PD98059 in both cell lines.
Conclusion: Our findings suggest that ERRα and GPER synergistically predict unfavorable 
prognosis in TNBCs. Mechanically, GPER mediates the upregulation expression of ERRα 
induced by estrogen and promotes cell viability, migration, and invasion.
Keywords: triple-negative breast cancer, GPER, ERRα, estrogen, prognosis

Introduction
Identification of molecular subtypes of breast cancer (BC) has led to a better 
understanding of its biologic behavior, which provides valuable information for 
the individualized treatment for BCs. Triple-negative breast cancer (TNBC) is an 
aggressive subtype of breast cancer (BC), which is negative for estrogen receptor 
(ER), progesterone receptor (PR), and human epidermal growth factor receptor 2 
(HER2). TNBC accounts for 15–20% of all BC, which is always poorly differ-
entiated and predominantly occurs in young women.1–4 Despite the development of 
novel clinical therapies in TNBCs, such as Poly-ADP-ribose polymerase inhibitors 
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and immunotherapy, however, TNBC still demonstrates 
worse prognosis than non-TNBC, with a median OS of 
28 months, approximately.5,6 Recurrence and distant 
metastasis are the leading causes of mortality in patients 
with TNBC,4,7,8 and recent studies suggest that younger 
patients with TNBC may have a higher incidence of recur-
rence or metastasis when compared with their older coun-
terparts. However, the underlying mechanism is still 
unclear.9–11 One of the hypotheses is that female patients 
with TNBC at a younger age exhibit higher estrogen 
levels, suggesting that estrogen may still affect the tumor 
biological behavior. Given the lack of activated ER signal-
ing in TNBC, it is generally believed that estrogen may 
indirectly be involved in the regulation of malignant phe-
notype in TNBC by activating effectors related to ER 
signaling or binding other receptors.

Tumorous aggressive behaviors are closely related to high- 
energy metabolism.12–15 Estrogen-related receptor α (ERRα) 
is an orphan nuclear receptor, which is also highly homolo-
gous with classic estrogen receptor α (ERα). ERRα expression 
is found in tissues requiring high energy metabolism as well as 
various tumorous tissues,16,17 which has been reported to act 
as a metabolic regulator in vitro.18 Clinicopathological studies 
have revealed that high expression of ERRα is associated with 
increased TNM stage of breast cancer, more frequent recur-
rence, and related poor survival outcome.19,20 Growing evi-
dences indicate that the ERR family promotes cell migration 
and invasion by regulating the Warburg effect and metabo-
lism-related genes17,21–23 Although estrogen is not a natural 
ligand for the ERR family, ERRs do share target genes, 
coregulatory proteins, ligands, and sites of action with the 
ERs.24 Li et al25 have found that physiological levels of 
17beta-estradiol (E2) regulate the expression of ERRα in 
SKBR3 breast cancer cells which suggest that ERRs can 
actively influence the estrogenic response, and the pharmaco-
logical modulation of ERR family activity may be clinically 
valuable in estrogen-related cancer, especially in breast cancer.

On the other hand, G protein-coupled estrogen receptor 
(GPER) has been identified as a novel estrogen membrane 
receptor.26 Estrogen binds to and activates GPER in the 
plasma membrane, and ligand-bound GPER induces activa-
tions of adenylyl cyclase, cAMP, calcium mobilization, and 
mitogen-activated protein kinase (MAPK).26,27 Previous stu-
dies by other investigators and us have revealed that GPER is 
commonly expressed in TNBC, and estrogen promotes cell 
migration and invasion in TNBC via GPER signaling.28–30 

Clinically, TNBCs with high expression of GPER demon-
strate worse OS, LRFS, and DDFS than in the GPER-low 

group, especially in the premenopausal setting.31,32 

Interestingly, a study by Li et al25 also demonstrates that 
GPER agonists, including G1 and tamoxifen, as well as 
overexpression of GPER, could lead to an increase of 
ERRα mRNA level, suggesting that GPER/ERRα-mediated 
signaling may be relevant to breast cancer cells escaping 
inhibitory control by tamoxifen. A recent study by Kotula- 
Balak et al33 also implies the existence of an interaction 
between GPER and ERRα in tumorous Leydig cells.

Therefore, the current study aimed to demonstrate the 
correlation between ERRα and GPER expression and its 
clinicopathologic and prognostic implications in patients 
with TNBC. Moreover, we also determine the role of 
ERRα/GPER in breast cancer cell proliferation, migration, 
and invasion and explore the preliminary mechanism of 
the interactions between GPER and ERRα in vitro.

Materials and Methods
Clinicopathologic Features Analysis
Clinicopathologic data of patients diagnosed as invasive breast 
carcinoma at the Sun Yat-sen University Cancer Center 
(SYSUCC) during the year 2000–2010 were retrieved. All 
patients were operated at SYSUCC and did not receive neoad-
juvant therapy. Formalin-fixed paraffin-embedded (FFPE) tis-
sue specimens were stained routinely with hematoxylin and 
eosin (H&E). ER, PR, and HER2 status were determined on 
immunohistochemical (IHC) staining. ER, and PR status were 
classified as negative using a cut-off of 1%, according to the 
American Society of Clinical Oncology/College of American 
Pathologists (ASCO/CAP) guidelines.34 HER2 status was 
defined as negative with 0, 1+ as well as 2+ on IHC without 
HER2 gene amplification on fluorescence in situ hybridization 
(FISH).35 The H&E and IHC slides from a total of 199 cases 
were retrospectively reviewed by two pathologists (PS, JH) to 
reconfirm the diagnosis of TNBC. Clinicopathological fea-
tures, including age at diagnosis, menopausal status, laterality 
of tumor, nuclear grade, tumor size, lymph node metastasis, 
TNM stage, were analyzed. The tumor staging was based on 
the TNM stage was assessed according to the criteria estab-
lished by the 8th edition American Joint Committee on Cancer 
(AJCC 8th) staging manual for breast cancer.

Immunohistochemistry Staining
FFPE tumor tissues were deparaffinized by xylene and 
then rehydrated by a series of graded ethanol. Antigen 
retrieval was conducted using EDTA buffer (GPER, 
pH=9.0; ERRα, pH=8.0). Subsequently, tissues were 
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incubated with anti-GPER primary antibody (1:100 dilu-
tion, Abcam, UK) and anti-ERRα antibody (1:100 dilu-
tion, Novus Biologicals, USA) for 50 min at 37°C. 
Secondary antibodies (Zhongshan Golden Bridge 
Biotechnology, China) were incubated for 30 min at 37° 
C, followed by the staining of DAB (Zhongshan Golden 
Bridge Biotechnology, China) and then hematoxylin. 
Endometrial carcinoma tissue was used as positive stain-
ing control, which has been demonstrated to express 
GPER and ERRα.36,37 Finally, the slides were mounted 
and semi-quantified by two experienced pathologists (PS, 
JH) blind to the outcome by consensus. The expression of 
GPER and ERRα was calculated as the product of dyeing 
intensity (grade as 0, negative; 1, weak; 2, moderate; and 
3, strong staining) and positive-staining scope (0, <5%; 
5%–24%; 25%–49%; 50%–74%; 75%–100%). For the 
division of high and low expression groups of GPER and 
ERRα, the receiver-operating characteristic (ROC) curves 
were plotted to generate the optimal cut-off values. The 
immunoreactive score of IRS=0.7 and 0.8 was used 
throughout the manuscript for GPER and ERRα, 
respectively.

Cell Culture
Human mammary epithelial cell MCF-10A and breast 
cancer cell lines BT-549, MDA-MB-231 were obtained 
from the Institute of Biochemistry and Cell Biology, 
Shanghai Institute of Biological Sciences (Shanghai, 
China). Cells were cultivated at 37°C in a humidified 
atmosphere with 5% CO2. MCF-10A and BT-549 were 
cultured in RPMI 1640 medium (Gibco, USA), and 
MDA-MB-231 was cultured in Leibovitz’s L-15 medium 
(Hyclone, USA). Both medium were supplemented with 
10% FBS (Gibco, USA). Cells passaged more than five 
times were abandoned in our experiments. The informa-
tion about associated drugs in this experiment were as 
follows: 17β-estradiol (E2, MilliporeSigma, Germany), 
G1 (MilliporeSigma, Germany), G15 (MilliporeSigma, 
Germany), the MEK inhibitor PD98059 (#167869-21-8, 
MedChemExpress, USA). The E2 concentration used in 
the present study was 100nM, which had been reported 
to show the most significant effects according to our 
previous time-concentration experiments.29

Protein Extraction and Western Blotting
Cells were lysed using Triton-X lysis buffer, and then the 
protein concentration was measured by the BCA kit 
(Thermo Fisher Scientific, USA). 30 μg of protein samples 

per lane was separated by polyacrylamide gel electrophor-
esis and then transferred onto PVDF membrane (Thermo 
Fisher Scientific, USA). 5% BSA (Thermo Fisher 
Scientific, USA) dissolved in TBST (Beijing Solarbio 
Science and Technology, China) was used to block the 
membrane. The band was incubated with the primary anti-
body overnight at 4°C. Primary antibodies were applied as 
follows: anti-GPER (1:5000 dilution, Abcam, UK), anti- 
ERRα (1:5000 dilution, Cell Signaling Technology, USA), 
anti-GAPDH (1:5000 dilution, Cell Signaling Technology, 
USA), and anti-β-actin (1:5000 dilution, Cell Signaling 
Technology). Secondary antibody (1:5000 dilution, Santa 
Cruz Biotechnology) incubation was carried out at room 
temperature for 2h. Protein bands were then detected using 
chemiluminescence reagent (Millipore, UK) on the 
ChemiDocTM imaging system (Biorad, USA) and ana-
lyzed semi-quantitatively using the Image lab software 
(Biorad, USA). β-actin and GAPDH were served as inter-
nal control.

RNA Extraction and Quantitative 
Real-Time PCR (qRT-PCR)
RNA was extracted using Trizol® (Thermo Fisher Scientific, 
USA) following the manufacturer’s construction and then 
quantified on Nanodrop™ spectrophotometer (Thermo 
Fisher Scientific, USA). For reverse transcription, 1 μg total 
RNA was added according to the PrimeScript RT reagent Kit 
(Takara Japan). Quantitative real-time PCR reaction was per-
formed using the SYBR Premix ExTaqTM Kit (Takara, Japan) 
on the BIO-RAD CFX96 system. Cycling conditions were as 
follows: denaturation at 95°C for 5 min, followed by 40 cycles 
of 95°C for 15 s, 60°C for 30 s, 72°C for 30 s. Relative 
expression levels of the targeted gene were determined by 
the 2−ΔΔCt method and normalized to GAPDH or β-actin. 
All the primers involved in this study were designed and 
synthesized by Jierui (China), and sequence information is 
listed in Supplementary Table 1.

Wound-Healing Assay
To examine cell migration ability under different treatment 
conditions wound-healing assay was conducted. Briefly, 
5� 105 cells were seeded into a 6-well plate overnight to 
adhere. When cells reached 90–100% confluence, 10 µL 
sterile micropipette tip was used to scratch one gap verti-
cally at the bottom of the culture plate. PBS was used to 
wash away cellular debris, and then serum-free and phenol 
red-free medium was added to eliminate the interference 
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of E2. An inverted microscope captured the closure of the 
wound area after the scratch under 200� magnification at 
pointed time. Each experiment was triplicated. The 
wound-healing distance of cells was analyzed using 
ImageJ software.

Cell Viability Assay
Cell Counting Kit-8 (CCK-8) was carried out to measure 
the cell viability. 1� 103 cells were plated into 
a transparent 96-well plate and cultured at 37°C. After 
consequent drug treatment, 10 µL CCK-8 reagent 
(Dojindo, Japan) was added into each well and incubated 
for 1–4 h. The OD values at 450 nm were detected in 
a microplate spectrometer. Per group was set more than 
three replicate wells, and experiments were triplicated.

Transwell Invasion Assay
1� 104 cells suspended in 200 µL serum-free medium 
were seeded in 8 µm pore sized transwell upper chamber 
(Corning, USA) coated with 200 µg/mL Matrigel (BD 
Science, CA). The lower chamber was added 900 µL 
complete medium containing 10% FBS. After the incuba-
tion of 12 h, the inserts were washed with PBS and then 
fixed with 4% paraformaldehyde (Beijing Solarbio Science 
and Technology, China) for 10 min, stained by 0.1% of 
crystal violet solution (Beijing Solarbio Science and 
Technology, China) for 30 min. Cells in the upper surface 
were wiped out softly by cotton swabs. Random six fields 
per well were photographed under 200� magnification 
and counted by ImageJ software.

Transfection of siRNA and Plasmid
Commercial siRNA of GPER and ERRα were purchased 
from RiboBio (Guangzhou, China), while GPER expres-
sion plasmid was synthesized by Sino Biological (Beijing, 
China). Transient transfection using Lipofectamine™ 3000 
transfection reagent (Invitrogen, USA) was conducted 
under the manufacturer’s construction. For siRNA, 
a total of 125 µL Opti-MEM (Invitrogen, USA) was 
used to incubate 3.75 µL Lipofectamine 3000 reagent 
and 50 nM siRNA for 10 min and then added into FBS- 
free culture medium. 6–8 h later, the culture medium was 
replaced with complete medium containing 10% FBS. To 
overexpressing GPER, the P3000 reagent was added addi-
tionally into the transfection system according to the con-
struction. Subsequent experiments were conducted after 48 
h transfection.

Statistical Analyses
Data in this study were analyzed using the SPSS version 26.0 
(IBM Inc., USA) and GraphPad Prism 7.0 (GraphPad 
Software Inc., USA). Eligible patients were considered as the 
unmatched cohort. To reduce bias, we also developed a 1:1 
(ERRα-low: ERRα-high) matched cohort using propensity 
score matching (PSM) for age, nuclear grade, tumor size, 
LNM, and TNM stage with a caliper of 0.03. The clinicopatho-
logical variables were compared between groups using the 
Chi-square test. The Pearson correlation coefficient was used 
to analyze the correlation between the expression of ERRα and 
GPER. OS, LRFS, and DDFS curves were drawn using the 
Kaplan–Meier methods and were compared using Log rank 
tests. Univariate and multivariate analyses of the patients’ 
survival were performed using the Cox proportional hazards 
regression model and the logistic regression model. For experi-
ments in vitro, the difference between groups was compared 
using the Student’s t-test or one-way ANOVA. Two-tailed 
p-value <0.05 was considered statistically significant.

Results
Association Between ERRα Expression 
and Clinicopathologic Features in TNBCs
The baseline clinicopathological features of 199 TNBCs 
are summarized in Table 1, of which 54.8% (109/199) 
was classified into ERRα-low group, while 45.2% (90/ 
199) was classified into ERRα-high group. Examples of 
IHC staining for ERRα with different intensities have 
been shown in Figure 1. Compared to ERRα-low group, 
ERRα-high TNBCs exhibited higher nuclear grade 
(grade II, 12.2% vs 23.9%; grade III, 87.8% vs 76.1%; 
p=0.036), more frequent LNM (52.2% vs 40.4%; 
p=0.014), and higher TNM stage (p=0.007). No signifi-
cant difference was observed in age, menopausal status, 
tumor size, and laterality between groups. Besides, 
37.7% (75/199) of TNBCs had a high expression of 
GPER, and these cases were predominantly in the 
ERRα-high group than in the ERRα-low group (50.0% 
vs 27.5%; p=0.001). The expression of GPER was posi-
tively correlated to that of ERRα with Pearson correla-
tion coefficient of 0.167 (p=0.018; Supplementary 
Figure 1).

Prognostic Implications of ERRα in 
TNBCs
The patients were followed-up for 2–205 months, with 
a median of 113 months. Compared to ERRα-low group, 
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Table 1 Association Between ERRα Expression and Clinicopathologic Features in TNBCs

Unmatched Cohort Matched Cohort#

Variables All 
(n=199)

ERRα-Low 
(n=109)

ERRα-High 
(n=90)

p* All 
(n=163)

ERRα-Low 
(n=73)

ERRα-High 
(n=90)

p*

Age at diagnosis (y)
<45 72 (36.2) 36 (33.0) 36 (40.0) 0.353 71 (43.6) 35 (47.9) 36 (40.0) 0.370

45–55 84 (42.2) 51 (46.8) 33 (36.7) 60 (36.8) 27 (37.0) 33 (36.7)

>55 43 (21.6) 22 (20.2) 21 (23.3) 32 (19.6) 11 (15.1) 21 (23.3)

Menopause status
Pre-menopause 156 (78.4) 87 (79.8) 69 (76.7) 0.591 131 (80.4) 62 (84.9) 69 (76.7) 0.262
Post-menopause 43 (21.6) 22 (20.2) 21 (23.3) 32 (19.6) 11 (15.1) 21 (23.3)

Laterality of tumor
Left 105 (52.8) 61 (56.0) 44 (48.9) 0.320 84 (51.5) 40 (54.8) 44 (48.9) 0.553

Right 94 (47.2) 48 (44.0) 46 (51.1) 79 (48.5) 33 (45.2) 46 (51.1)

Tumor size (pT)
pT1 53 (26.6) 32 (29.4) 21 (23.3) 0.083 39 (23.9) 18 (24.7) 21 (23.3) 0.469

pT2 123 (61.8) 70 (64.2) 53 (58.9) 101 (62.0) 48 (65.8) 53 (58.9)
pT3 18 (9.0) 6 (5.5) 12 (13.3) 18 (11.0) 6 (8.2) 12 (13.3)

pT4 5 (2.5) 1 (0.9) 4 (4.4) 5 (3.1) 1 (1.4) 4 (4.4)

NG
Grade II 37 (18.6) 26 (23.9) 11 (12.2) 0.036 21 (12.9) 10 (13.7) 11 (12.2) 0.964
Grade III 162 (81.4) 83 (76.1) 79 (87.8) 142 (87.1) 63 (86.3) 79 (87.8)

LNM (pN)
pN0 108 (54.3) 65 (59.6) 43 (47.8) 0.014 83 (50.9) 40 (54.8) 43 (47.8) 0.313

pN1 45 (22.6) 28 (25.7) 17 (18.9) 34 (20.9) 17 (23.3) 17 (18.9)

pN2 27 (13.6) 11 (10.1) 16 (17.8) 27 (16.6) 11 (15.1) 16 (17.8)
pN3 19 (9.5) 5 (4.6) 14 (15.6) 19 (11.7) 5 (6.8) 14 (15.6)

TNM staging
I 28 (14.1) 20 (18.3) 8 (8.9) 0.007 19 (11.7) 11 (15.1) 8 (8.9) 0.126

IIa 88 (44.2) 49 (45.0) 39 (43.3) 67 (41.1) 28 (28.4) 39 (43.3)

IIb 33 (16.6) 23 (21.1) 10 (11.1) 27 (16.6) 17 (23.3) 10 (11.1)
IIIa 27 (13.6) 11 (10.1) 16 (17.8) 27 (16.6) 11 (15.1) 16 (17.8)

IIIb 4 (2.0) 1 (0.9) 3 (3.3) 4 (2.5) 1 (1.4) 3 (3.3)

IIIc 19 (9.5) 5 (4.6) 14 (15.6) 19 (11.7) 5 (6.8) 14 (15.6)

Local recurrence
Yes 28 (14.1) 9 (8.3) 19 (21.1) 0.009 27 (16.6) 8 (11.0) 19 (21.1) 0.128
No 171 (85.9) 100 (91.7) 71 (78.9) 136 (83.4) 65 (89.0) 71 (78.9)

Distant metastasis
Yes 48 (24.1) 13 (11.9) 35 (38.9) <0.001 47 (28.8) 12 (16.4) 35 (38.9) 0.003

No 151 (75.9) 96 (88.1) 55 (61.1) 116 (71.2) 61 (83.6) 55 (61.1)

Death of tumor
Yes 57 (28.6) 12 (11.0) 45 (50.0) <0.001 57 (35.0) 12 (16.4) 45(50.0) <0.001

No 142 (71.4) 97 (89.0) 45 (50.0) 106 (65.0) 61 (83.6) 45(50.0)

GPER expression
Low 124 (62.3) 79 (72.5) 45 (50.0) 0.001 99 (60.7) 54 (74.0) 45(50.0) 0.003
High 75 (37.7) 30 (27.5) 45 (50.0) 64 (39.3) 19 (26.0) 45(50.0)

Notes: *Χ2 test comparing proportions among ERRα-low and ERRα-high group; #Propensity score matching (PSM) was performed using 1:1 nearest neighbor matching with 
a caliper of 0.03 to accept a matched pair. 
Abbreviations: TNBC, triple-negative breast cancer; LNM, lymph node metastasis; NG, nuclear grade.
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ERRα-high TNBCs demonstrated increased incidences of 
local recurrence (21.1% vs 8.3%; p=0.009), distant metas-
tasis (38.9% vs 11.9%; p<0.001), and more patients with 
high ERRα died of tumor (50.0% vs 11.0%; p<0.001) in 
the unmatched cohort. Similarly, in the matched cohort, 
more ERRα-high TNBCs died of tumor (50.0% vs 16.4%, 
p<0.001) and exhibited distant metastasis (38.9% vs 
16.4%, p=0.003) than TNBCs with low ERRα expression 
(Table 1). The survival curves are shown in Figure 2, 
ERRα-high TNBCs were associated with a decrease in 
OS, LRFS, and DDFS when comparing to ERRα-low 
group in both cohorts. Similar survival outcomes were 
observed between GPER-high and GPER-low groups 
(Supplementary Figure 2). Further survival analysis in 
the subgroups according to the co-expression status of 
ERRα and GPER revealed that in the unmatched cohort, 
ERRα-high/GPER-high subgroup was significantly asso-
ciated with the worst survival outcomes of both OS, 
LRFS, and DDFS, while patients in ERRα-low/GPER- 

low exhibited a relative excellent survival (p<0.001). 
A decreased DDFS was observed in ERRα-low/GPER- 
high subgroup when comparing to ERRα-high/GPER-low 
subgroup, while the survival curve of OS or LRFS in these 
two groups was overlapping. In the matched cohort, 
ERRα-low/GPER-low TNBCs had the best OS, LRFS, 
and DDFS, followed by ERRα-high/GPER-low subgroup. 
ERRα-low/GPER-high subgroup displayed an increased 
OS than patients with ERRα-low/GPER-low. However, 
no significant difference was found between these two 
subgroups in LRFS and DDFS (Figure 3). A Cox propor-
tional hazards regression model was then used to identify 
the biomarkers and clinicopathological factors affecting 
the prognosis of patients with TNBC. The results are 
summarized in Table 2. In the univariate model, LNM, 
as well as the expression of ERRα and GPER, were 
identified as prognostic indicators for OS, LRFS, and 
DDFS, while nuclear grade and tumor size were also 
associated with OS and DDFS, but not LRFS. 

Figure 1 Immunohistochemical staining for ERRα with different intensity. The staining is graded as negative (A), weak (B), moderate (C), and strong (D). Magnification, ×10.
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Multivariate analysis proved that LNM and the expression 
of ERRα and GPER were independent factors for OS, 
LRFS, and DDFS. Besides, tumor size was also suggested 
as an independent factor OS.

ERRα Mediates Malignant Phenotype of 
TNBC Induced by Estrogen
Our previous study suggests the overexpression of GPER is 
associated with poor prognosis, especially in pre- 

Figure 2 Survival curves of OS, LRFS, and DDFS in ERRα-low and ERRα-high groups. Kaplan-Meier curves of OS (A), LRFS (B), and DDFS (C) between groups in patients 
with TNBC in the unmatched cohort. Kaplan-Meier curves of OS (D), LRFS (E), and DDFS (F) between groups in patients with TNBC in a matched cohort using propensity 
score matching for age, nuclear grade, tumor size, LNM and TNM stage with a caliper of 0.03.

Figure 3 Survival curves of OS, LRFS, and DDFS based on the co-expression status of ERRα and GPER. Kaplan-Meier curves of OS (A), LRFS (B), and DDFS (C) among 
groups in patients with TNBC in the unmatched cohort. Kaplan-Meier curves of OS (D), LRFS (E), and DDFS (F) among groups in patients with TNBC in a matched cohort 
using propensity score matching for age, nuclear grade, tumor size, LNM and TNM stage with a caliper of 0.03.
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menopausal patients with TNBC.31 Thus, a Χ2 statistic of the 
Log rank test was used in the present study to calculate the 
survival discrimination based on the expression of ERRα 
and GPER in pre- and post-menopause patients (Table 3). 
Compared to post-menopausal patients, Χ2 statistic of pre- 
menopausal patients showed a larger and statistically sig-
nificant difference between ERRα-high and ERRα-low 
group on OS (24.28, p<0.001 vs 10.54, p=0.012), LRFS 
(6.38, p=0.012 vs.3.88 p=0.049), and DDFS (18.07, 
p<0.001 vs 4.43, p=0.035). A larger Χ2 statistic between 
GPER-high and GPER-low group was also found on OS 
(27.72, p<0.001 vs 4.47, p=0.035), LRFS (19.17, p<0.001 
vs 0.16 p=0.685), and DDFS (53.35, p<0.001 vs 10.15, 
p=0.001) in pre-menopausal TNBCs. These may imply the 
role of estrogen in the tumor progression of TNBC, affecting 
ERRα/GPER signaling. In vitro, treatment with 100nM E2 
significantly enhanced the cell viability, migration, and 
invasion in both BT-549 and MDA-MB-231 cell lines as 
compared to the control (p<0.05; Figure 4). Compared to 
normal breast epithelial cell lines MCF-10A, the expression 
of ERRα was relatively higher in BT-549 and MDA-MB 
-231 cells (Figure 5A). We further verify the function of 
ERRα in TNBC by knocking down ERRα in BT-549 and 
MDA-MB-231 using RNA interference. Inhibition of ERRα 
significantly reduced cell viability, and suppressed the 
wound-healing and invasion in both BT-549 and MDA- 

MB-231 cells (Figure 5B–D). Moreover, despite the fact 
that ERRα is not a natural receptor for estrogen, Western 
blot and qRT-PCR exhibited that treatment with 100nM E2 
upregulated ERRα at mRNA and protein level in both cell 
lines (Figure 5E). We also observed that enhanced cell 
viability, migration, and invasion induced by E2 were inhib-
ited after transfecting with siEERα (Figure 5B–D and F). 
These results indicated that ERRα’s effects on trigger the 
malignant phenotype of TNBC might be regulated by E2.

Table 2 Univariate and Multivariate Survival Analyses for OS, LRFS and DDFS

Univariable Model Multivariable Model

p HR 95% CI Lower 95% CI Upper p HR 95% CI Lower 95% CI Upper

OS
NG 0.012 4.48 1.40 14.32 0.085 2.86 0.87 9.44
Tumor size <0.001 2.47 1.64 3.74 0.003 1.72 1.20 2.47

LNM (negative vs positive) <0.001 4.05 2.25 7.31 <0.001 3.41 1.87 6.24

ERRα (low vs high) <0.001 5.66 2.99 10.70 <0.001 3.32 1.70 6.48
GPER (low vs high) <0.001 4.42 2.53 7.73 0.001 2.80 1.56 5.02

LRFS
LNM (negative vs positive) 0.001 3.86 1.70 8.79 0.003 3.43 1.50 7.84

ERRα (low vs high) 0.003 3.35 1.51 7.42 0.029 3.58 1.60 8.04

GPER (low vs high) <0.001 4.45 2.01 9.86 0.002 2.46 1.09 5.52

DDFS
NG 0.019 4.06 1.26 13.07 0.063 3.19 0.94 10.80
Tumor size 0.003 2.05 1.27 3.30 0.104 1.44 0.93 2.23

LNM (negative vs positive) <0.001 3.39 1.84 6.25 <0.001 3.22 1.71 6.06

ERRα (low vs high) <0.001 4.24 2.24 8.03 0.036 2.08 1.05 4.11
GPER (low vs high) <0.001 11.42 5.34 24.44 <0.001 9.08 4.16 19.81

Abbreviations: OS, overall survival; LRFS, local recurrence-free survival; DDFS, distant disease-free survival; NG, nuclear grade; LNM, lymph node metastasis.

Table 3 The Χ2 Statistic on OS, LRFS, and DDFS for Pre- and Post- 
Menopause TNBCs Based on ERRα and GPER Expressions (n=199)

Survival Pre- 
Menopause

Post- 
Menopause

Χ2 p* Χ2 p*

ERRα-high vs ERRα-low
OS 24.28 <0.001 10.54 0.012

LRFS 6.38 0.012 3.88 0.049

DDFS 18.07 <0.001 4.43 0.035

GPER-high vs GPER-low
OS 27.72 <0.001 4.47 0.035
LRFS 19.17 <0.001 0.16 0.685

DDFS 53.35 <0.001 10.15 0.001

Note: *χ2 statistic of the Log rank test calculating the discrimination between 
groups in pre- and post-menopause patients. 
Abbreviations: OS, overall survival; LRFS, local recurrence-free survival; DDFS, 
distant disease-free survival.
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Figure 4 E2 enhanced cell viability, migration, and invasion in BT-549 and MDA-MB-231 cells. (A) Cell viability was detected using CCK-8 assay with the treatment of 100nM 
E2 or control. (B) Cell invasion was evaluated by the Transwell invasion assay with the treatment of 100nM E2 or control. The invasive cells were measured after 12h. (C) 
Cell migration was evaluated by a wound-healing assay with the treatment of 100nM E2 or control. The healing percentage was measured after 24h. **p < 0.01.

Figure 5 ERRα mediates the malignant phenotype of TNBC induced by estrogen. (A) Relative ERRα expression in normal mammary epithelial cells (MCF-10A) and TNBC 
cells (BT-549 and MDA-MB-231). (B) Cell viability was detected using CCK-8 assay with the siERRα and/or treatment of 100nM E2 in BT-549 and MDA-MB-231 cells. (C and 
D) Cell migration was evaluated by a wound-healing assay with the siERRα and/or treatment of 100nM E2 in BT-549 and MDA-MB-231 cells. The healing percentage was 
measured after 24h. (E) Relative ERRα expression in BT-549 and MDA-MB-231 cells incubated with 100nM E2 or control. (F) Cell invasion was evaluated by the Transwell 
invasion assay with the siERRα and/or treatment of 100nM E2 in BT-549 and MDA-MB-231 cells. The invasive cells were measured after 12h. *p < 0.05, **p < 0.01.
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GPER Intermediates the Regulation of 
ERRα by Estrogen
GPER is reported to commonly expressed in ER- 
negative breast cancer.32,38 Western blotting showed 
that the expression of GPER was low in MDA-MB 
-231 cells and relatively high in BT-549 cells 
(Figure 6A). Thus, we knocked down GPER in BT-549 
cells using siGPER, and overexpressed GPER in MDA- 
MB-231 cells by transfecting plasmid, respectively, to 
investigate whether GPER intermediate the interaction 
between E2 and ERRα. Our result revealed that both E2 
and G1 (GPER agonist) significantly increased ERRα 
mRNA level as compared to control in both cell lines, 
especially in BT-549. This effect was suppressed in BT- 
549 cells by siGPER (Figure 6B). Consistently, over-
expression of GPER notably increased ERRα mRNA 
level in MDA-MB-231 cells, while no change was 
observed with pretreatment of G15, which is regarded 
as a GPER antagonist (Figure 6B). Activation of the 
ERK1/2 MAPK signaling has been reported to be 
required for the activation of GPER ligands, such as 
E2 and G1.27,39 We also found that increased ERRα 
mRNA levels induced by E2 and G1 were markedly 
suppressed after the administration of ERK1/2 MAPK 
inhibitor PD98059 in both cell lines (Figure 6C).

Discussion
Estrogen receptor signaling is essential for the prognosis and 
treatment of ER-positive breast cancer. Application of endo-
crinotherapy, such as tamoxifen or toremifene, significantly 
improves the clinical outcome of patients with breast cancer. 
TNBC, which demonstrates a higher degree of malignancy 
and rapid progression,40,41 is proved to be lack of ER signal-
ing activation. However, the clinical relevance of estrogen 
and TNBC remains controversial. A study by Contreras- 
Zárate et al found that estradiol induces BDNF/TrkB signal-
ing in TNBC to promote brain metastases.42 Girgert et al 
suggested that 17β-estradiol significantly increased prolif-
eration in TNBC in vitro, along with the activation of Src, 
EGFR, Cyclin D1, and CREB signaling.43 However, 
McNamara et al demonstrated that enzymes known to mod-
ulate levels of estrogens were detected in TNBC and were 
associated with longer disease-free survival, suggesting the 
presence of, and a potential protective effect of estrogens in 
TNBC.44 Current findings speculate the effect of estrogen in 
TNBC may be mediated by other activating effectors related 
to ER signaling or other receptors.

Consistent with previous studies,19,20 we observed that 
high expression of ERRα was associated with aggressive 
clinicopathologic features in TNBC, including high NG, 
frequent LNM, and advanced TNM stage, as well as poor 
survival outcomes. Age and menopausal status were 

Figure 6 GPER intermediates the regulation of ERRα by estrogen. (A) Relative GPER expression in BT-549 and MDA-MB-231 cells. (B) Relative ERRα expression in BT-549 
and MDA-MB-231 cells with treatment of 100nM E2, G1, or G15. (B) Relative ERRα expression in BT-549 and MDA-MB-231 cells overexpressing or knocking down of GPER 
with treatment of 100nM E2, G1, or G15. (C) Effects of blocking of ERK1/2 MAPKs with PD98059 on ERRα expression with treatment of 100nM E2, G1, or G15. *p < 0.05, 
**p < 0.01.
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neither associated with ERRα expression nor affecting the 
survival of TNBCs in this cohort. However, larger discri-
mination in survival curves between ERRα-high (or 
GPER-high) and ERRα-low (or GPER-low) group was 
observed in premenopausal patients than postmenopausal 
patients, which consistent with our previous study.31 These 
findings implied that ERRα and GPER might mediate the 
tumor-promoting effect of estrogen in TNBC. Notably, we 
also reveal a positive correlation between ERRα and 
GPER expressions, and the co-expression status of 
ERRα/GPER could further discriminate the survival ten-
dency, which may provide a novel estrogen-related model 
for predicting the prognosis of TNBCs.

ERRα has been reported as tumorigenic by reprogram-
ming the energy metabolism of tumor cells, leading to the 
production of various biosynthetic precursors, and creating 
a micromovement for tumor proliferation.12,13 Kallen et al-
45 have studied the structure of the ligand-binding domain 
(LBD) of ERRα by X-ray diffraction and found that the 
LBD of ERRα is almost entirely occupied by amino acid 
side chain, which is only possible to bind a ligand with 
less than 4 carbon atoms. Thus, estrogen is clearly not 
a natural ligand for ERRα. However, our data showed that 
the malignant phenotypes induced by E2 in TNBC cells 
were significantly suppressed by ERRα. Moreover, E2 
treatment increased the protein and mRNA level of 
ERRα in vitro, suggesting the indirect interactions 
between E2 and ERRα. Interestingly, studies by Li et al25 

and Kotula-Balak et al33 showed that the activation of 
GPER lead to.an increased ERRα level in HER2-positive 
breast cancer cells and tumorous Leydig cells, respec-
tively. Similarly, we demonstrated that GPER agonists 
and overexpression of GPER also resulted in an increased 
ERRα level in TNBC, while E2 induced increased expres-
sion of ERRα was inhibited by knocking down of GPER 
as well as ERK1/2 MAPK signaling inhibitor. These 
results indicate that GPER may intermediate the regulation 
of ERRα by E2, and resulted in promoting cell prolifera-
tion, migration, and invasion in TNBC, which is consistent 
with the findings in clinicopathological and prognostic 
analyses.

The effect of estrogen in breast cancer is no longer rely 
on the expression of ER (predominantly ERα). The role of 
other subtypes of estrogen receptors, such as ERβ29,46,47 

and ERα36,48,49 as well as other receptors or effectors 
related to ER signaling, such as GPER and ERR family, 
are raising concern in TNBC. However, the cross-talk 
among different ER subtypes or effectors related to ER 

signaling could be extremely complicated. The present 
study suggests the prognostic role of ERRα in TNBCs 
and provides a new idea for the understanding of estro-
genic effects on the malignant phenotype of TNBC by 
ERRα-GPER interactions. The underlying mechanism 
interpreting the interaction between GPER and ERRα 
should be involved in further investigations. Moreover, 
given the lack of effective conventional therapies for the 
treatment of TNBC, Wisinski’s team has attempted to 
conduct a Phase 2 study evaluating single-agent high- 
dose estradiol targeting ERβ in patients with advanced 
TNBC,50 while limited efficacy was found. Promising 
therapeutic options targeting estrogen-related agents, such 
as GPER, ERR family, ERβ, and ERα36, may be war-
ranted in further clinical trials.
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