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Abstract. Recent advances indicate that cancer‑associated 
fibroblasts (CAFs) play a key role in cancer progression by 
contributing to invasion, metastasis and angiogenesis. Solid 
tumors often experience low oxygen tension environments, 
which induce gene expression changes and biological features 
leading to poor outcomes. The G-protein estrogen receptor 
(GPER) exhibits a stimulatory role in diverse types of cancer 
cells and in CAFs under hypoxic conditions. We investigated 
the role of CAFs and hypoxia in breast cancer aggressiveness, 
and examined the effect of GPER in CAFs on hypoxia-driven 
breast cancer progression. The results showed that hypoxia 
upregulated HIF-1α, GPER and α-SMA expression in CAFs, 
and induced the secretion of Interleukin-6 (IL-6), vascular 
endothelial growth factor (VEGF) and connective tissue 
growth factor (CTGF) in CAFs. However, GPER silencing 
abrogated the above hypoxia-driven cytokine expression in 
CAFs. Moreover, knockdown of GPER in CAFs suppressed 
breast cancer cell invasion induced by CAF conditioned 
media (CM). Furthermore, GPER silencing in CAFs inhibited 
hypoxia-increased CTGF expression in CAFs and breast 
cancer cells cultured with CM from CAFs under hypoxic 
conditions. In addition, CTGF is responsible for the observed 
effects of GPER on CAFs activation and breast cancer inva-
sion. Our findings further extend the molecular mechanisms 
through which the tumor microenvironment may contribute to 
cancer progression.

Introduction

Breast cancer has become the first common malignancy in 
women in developed and developing countries. Approximately 
1.3 million women are diagnosed with breast cancer annually 
worldwide (1). Surgery is the important therapeutic method 
of breast cancer. Chemotherapy, radiotherapy and endocrine 
therapy are also important in breast cancer. Although compre-
hensive therapy has been previously employed, approximately 
0.5 million women patients succumb to breast cancer annually 
due to recurrence, metastasis and resistance to therapy (2). 
Therefore, more effective therapeutic strategies are required to 
improve treatment outcomes for breast cancer patients.

Tumor cells do not exist in isolation during disease 
progression. The occurrence of an intense fibro-inflammatory 
reaction involving immune cells (3) and cancer-associated 
fibroblasts (4,5) is a prominent pathologic feature of breast 
cancer (6). The cooperative interactions among tumor cells 
and reactive stroma strongly contribute to cancer development 
and progression (7,8). Cancer-associated fibroblasts (CAFs) 
have been indicated as the main cell component of the tumor 
microenvironment involved in cancer initiation, invasion and 
metastasis (9,10). In breast malignancies, CAFs exert a pivotal 
role in tumor progression and resistance to therapeutics 
through multiple mechanisms, including the stimulation of 
new blood vessels (11), mainly generated by a hypoxic tumor 
microenvironment (12-14). The mechanisms of cell sensing 
and adaptation to stressful environments are activated within 
the hypoxic tumor mass, leading to the growth and aggres-
siveness of malignant cells (15). Despite this finding, issues 
relating to maintenance of the tumor fibrotic microenviron-
ment during disease development remain to be addressed.

Solid tumors often experience low oxygen tension 
environments, which is predominantly caused by abnormal 
vasculature formation of the rapidly growing tumor mass. 
Tumor hypoxia is associated with enhanced tumor invasive-
ness, angiogenesis, and distant metastasis (16-18). GPER and 
HIF-1α are recruited to the HRE site located within the VEGF 
promoter region and cooperatively act as a functional complex 
for the transcription of VEGF. Recent studies have shown that 
hypoxia induced GPER expression in breast cancer fibroblasts, 
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and the cross-talk between HIF-1α and GPER regulates the 
expression of the migratory factor CTGF (19).

We investigated the role of GPER in CAFs and examined 
the effect of GPER silencing on hypoxia-driven breast cancer 
progression. We found that GPER knockdown in CAFs 
suppressed hypoxia-induced CAF activation and breast cancer 
cell invasion through the inhibition of CTGF expression.

Materials and methods

Materials. The antibodies used in this study included poly-
clonal rabbit anti-human HIF-1α (Bioworld, St. Louis Park, 
MN, USA), polyclonal rabbit anti-human CTGF (Santa 
Cruz Biotechnology, Inc., Santa Cruz, CA, USA), polyclonal 
rabbit anti-human anti-GPER (Santa Cruz Biotechnology, 
Inc.), monoclonal mouse anti-human MMP-9 (Santa Cruz 
Biotechnology, Inc.), polyclonal rabbit anti-human uPA 
(Bioworld), monoclonal mouse anti-human α-SMA (Sigma, 
St. Louis, MO, USA), monoclonal mouse anti-human cyto-
keratin14 (Sigma) and monoclonal mouse anti-human β-actin 
(Santa Cruz Biotechnology, Inc.).

Cell cultures. CAFs were extracted from invasive mammary 
ductal carcinomas obtained from mastectomies as previ-
ously described (20). These tissues were obtained from the 
Department of Cancer Center at the First Affiliated Hospital 
of Xi'an Jiaotong University. Signed informed consent from 
all the patients was obtained. The study protocol and consent 
forms were approved by the Ethics and Indications Committee 
of the First Affiliated Hospital of Medical College, Xi'an 
Jiaotong University, China. In particular, tissues obtained were 
cut into smaller sections (1-2 mm diameter), placed in diges-
tion solution [400 IU collagenase, 100 IU hyaluronidase and 
10% FBS (HyClone, Logan, UT, USA), containing antibiotics 
and antimycotics solution] and incubated overnight at 37˚C. 
The cells were then separated by differential centrifugation at 
90 x g for 2 min.

The supernatant containing fibroblasts was centrifuged at 
485 x g for 8 min, the pellet obtained was suspended in fibro-
blast growth medium (Medium 199 and Ham's F12 mixed 
1:1 and supplemented with 10% FBS and 1% penicillin) and 
cultured at 37˚C, 5% CO2. CAFs were then expanded into two 
15-cm Petri dishes and stored as cells passaged for 2‑3 popula-
tion doublings within a total 7-10 days after tissue dissociation. 
CAFs were passaged for up to five population doublings for 
subsequent experiments to minimize clonal selection and 
culture stress, which could occur during extended tissue 
culture. Primary cell cultures of breast CAFs were character-
ized by immunofluorescence. Briefly, the cells were incubated 
with anti-α-SMA and anti-cytokeratin14 (Fig. 1A), all anti-
bodies were from Sigma. MDA-MB-231 human breast cancer 
cells were purchased from the Cell Bank of the Chinese 
Academy of Sciences (Shanghai, China) and were cultured 
at 37˚C with 5% CO2 and 95% air in L-15 (Sigma) containing 
10% heat-inactivated fetal bovine serum (FBS) (HyClone) 
plus 100 µg/ml ampicillin and 100 µg/ml streptomycin.

Activation of CAFs. CAFs were cultured in regular growth 
medium to 80% confluence. The cells were incubated under 
normoxic or hypoxic (3% O2) conditions in fresh serum-

free medium for 12 h prior to the collection of conditioned 
media (CM).

Western blot analysis. CAFs or MDA-MB-231 cells (1x106) 
grown under our experimental conditions were lysed for 20 min 
on ice in 300 µl of RIPA lysis buffer [50 mM Tris-HCl (pH 7.5), 
150 mM NaCl, 1% Triton X-100, 2 mM EDTA, 1 mM sodium 
orthovanadate, 1 mM phenylmethanesulfonyl-fluoride, 10 µg/
ml aprotinin, 10 µg/ml leupeptin]. Total proteins (100 µg) 
were loaded onto SDS-PAGE gels, separated, and transferred 
onto PVDF membranes (Roche, Penzberg, Germany). The 
membranes were blocked with 5% non-fat dry milk in TBST 
[10 mM Tris-HCl (pH 8.0), 150 mM NaCl, 0.05% Tween-20] 
and were subsequently incubated with primary antibodies 
overnight at 4˚C. After 5 washes of 10 min each in TBST, the 
membranes were incubated with HRP-conjugated secondary 
antibodies (1:5000, Santa Cruz Biotechnology, Inc.) for 2 h 
and subsequently washed again. The peroxidase reaction was 
performed using an enhanced chemiluminescence detection 
system to visualize the immunoreactive bands.

Cell invasion assay. A chamber-based invasion assay (Millipore, 
Billerica, MA, USA) was performed to evaluate breast cancer 
cell invasion. Briefly, the upper surface of the membrane was 
coated with matrigel (BD Biosciences, Franklin Lakes, NJ, 
USA). MDA-MB-231 cells (1x105) were resuspended in the 
upper chamber in serum-free medium and allowed to migrate 
towards a serum gradient (10%) in the lower chamber for 24 h. 
The medium was aspirated from the inside of the insert, and the 
non-invasive cells on the upper side were removed by scraping 
with a cotton swab. The membrane was fixed with 4% para-
formaldehyde and stained with crystal violet. The number of 
migrating cells was counted on each membrane in 10 random 
fields and photographed at a magnification of x100. The values 
reported were the averages of triplicate experiments.

Reverse‑transcription quantitative PCR assay (RT-qPCR). 
Total RNAs were extracted from CAFs or breast cancer cells 
using TRIzol reagent (Invitrogen, Carlsbad, CA, USA), and 
reverse transcription was performed using the PrimeScript RT 
Reagent kit (Takara, Dalian, China) according to the manufac-
turer's instructions. Real-time experiments were carried out 
using the iQ5 Multicolor Real-time PCR Detection System 
(Bio-Rad, Hercules, CA, USA) and a SYBR‑Green PCR kit 
(Takara). The following PCR program was used: denaturation 
at 95˚C for 30 sec, followed by 40 cycles consisting of denatur-
ation at 95˚C for 5  sec, annealing at 60˚C for 30 sec, and 
extension at 72˚C for 30 sec. A melting curve analysis was 
applied to assess the specificity of the amplified PCR products. 
The PCR primer sequences used were: HIF-1α 5'-AAG 
TCTAGGGATGCAGCA-3' (forward) and 5'-CAAGATCA 
CCAGCATCATG-3' (reverse), GPER 5'-ACACACCTG 
GGTGGACACAA-3' (forward) and 5'-GGAGCCAGAAG 
CCACATCTG-3' (reverse), VEGF 5'-TGCAGATTATGCG 
GATCAAACC-3' (forward) and 5'-TGCATTCACATTTGT 
TGTGCTGTAG-3' (reverse), CTGF 5'-ACCTGTGGGATG 
GGCATCT-3' (forward) and 5'-CAGGCGGCTCTG 
CTTCTCTA-3' (reverse), IL-6 5'-AGTTCCTGCAGTCCAG 
CCTGAG-3' (forward) and 5'-TCAAACTGCATAGCCACTT 
TCC-3' (reverse), GAPDH 5'-ACCACAGTCCATGCCAT 
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CAC-3' (forward) and 5'-TCCACCACCCTGTTGCTGAT-3' 
(reverse), The amount of each target gene was quantified by the 
comparative C(T) method using GAPDH as the normalization 
control (21).

Enzyme-linked immunosorbent assay (ELISA). The cells were 
conditioned in serum-free medium for 24 h. The culture media 
were then collected and centrifuged at 1,500 rpm for 5 min to 
remove particles. The supernatants were then frozen at -80˚C 
until use. The production of CTGF, IL-6, and VEGF in the 
supernatants of CAFs was assessed by ELISA using a commer-
cially available ELISA kit (R&D Systems, Minneapolis, MN, 
USA) according to the manufacturer's instructions.

Immunofluorescence microscopy. After the designated treat-
ment, CAFs were fixed with 4% paraformaldehyde for 10 min 
at room temperature, permeabilized in 0.5% Triton X-100 for 
10 min, and blocked in 1% BSA for 1 h. Fixed cells were then 
incubated with mouse anti-human-α-SMA antibodies (1:100) 
or mouse anti-human-cytokeratin14 antibodies (1:100) at 4˚C 
overnight. The cells were washed and incubated with goat anti-
mouse dyelight 594 (red) IgG antibody (Qenshare Biological 
Inc., Xi'an, China) at 1:200 dilution for 60 min. Nuclei were 
stained with DAPI for 5 min. The cells were visualized by a 
fluorescent microscope (Observer A1, Carl Zeiss Microscopy 
GmbH, Germany) using appropriate excitation and emission 
spectra at a magnification of x400.

RNA interference. siRNA against GPER (5'-CUGACACC 
GUCGACCAGGATT-3', 5'-UCCUGGUCGACGGUGUC 
GTT-3'), siRNA against CTGF (5'-AGAAUAUGAUGUUCA 
UCAATT-3', 5'-UUGAUGAACAUCAUAUUCUTT-3'), and a 
negative control siRNA (5'-UUCUCCGAACGUGUCAC 
GUTT-3', 5'-ACGUGACACGUUCGGAGAATT-3') were 
obtained from GenePharm (Shanghai, China). Cells (2x105 per 
well) were seeded in six-well plates and transfected with 100 nM 
siRNA using Lipofectamine RNAiMAX reagent (Invitrogen) 
according to the manufacturer's instructions. After 48‑h trans-
fection, the cells were used for subsequent experiments.

Statistical analysis. The data are presented as the means ± SD 
from at least three independent experiments. Statistical 
analysis of the data was performed using Student's t-test using 
SPSS software (version 13.0; SPSS, Chicago, IL, USA). P<0.05 
was considered statistically significant.

Results

Hypoxia induces HIF-1α, GPER and α-SMA expression in 
CAFs. Primary cell culture of breast CAFs was characterized 
by immunofluorescence. Briefly, the cells were incubated with 
human anti-α-SMA and human anti-cytokeratin (Fig. 1A). 
To provide insight into the response to hypoxia in the main 
components of the tumor microenvironment such as CAFs, we 
showed that hypoxia induced the mRNA expression of HIF-1α 

Figure 1. Hypoxia induces CAF activation and accumulates HIF-1α and GPER expression. (A) CAFs were isolated from invasive mammary ductal carcinomas 
obtained from mastectomies. (a, b and c) Cytokeratin expression of CAFs was determined by immuofluorescence microscopy analysis. (d, e and f) α-SMA 
expression of CAFs was determined by immuofluorescence microscopy analysis. (B) Subconfluent CAFs were treated with hypoxia for 12 h and serum‑starved 
for an additional 24 h. The cells were lysed, and HIF-1α and GPER mRNAs were analyzed by RT-qPCR. *P<0.05 vs. the normoxia group. (C) Subconfluent 
CAFs were treated with hypoxia for 12 h and serum-starved for an additional 24 h. Immunoblots for HIF-1α, GPER, α-SMA and β-actin were performed. 
(D) α-SMA expression was analyzed in CAFs seeded on glass coverslips by immunofluorescence microscopy analysis. The data are representative of at least 
three independent experiments.
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and its target gene GPER, as ascertained by qPCR (Fig. 1B). 
The induction of HIF-1α and GPER mRNA expression was 
paralleled by increased protein levels of these factors in CAFs 
exposed to a low‑oxygen tension (3% O2) for 12 h (Fig. 1C). 
Furthermore, we observed that hypoxia increased activation 
of CAFs, as revealed by α-SMA expression (Fig. 1C and D).

GPER silencing abrogates hypoxia-activated IL-6, VEGF and 
CTGF secretion in CAFs. Previous results from other laborato-
ries indicated that the activated stroma secretes large amounts 
of IL-6, VEGF and CTGF, leading to a significant increase in 
the invasive capacity of the surrounding tumor cells (22-24). 
To verify whether hypoxia-activated CAFs overexpress these 
soluble growth factors and cytokines, we performed RT-qPCR 
and ELISA to quantify IL-6, VEGF and CTGF expression. 
As shown in Fig. 2B-D and Fig. 3A-C, CAFs cultured under 
hypoxic conditions exhibit higher levels of IL-6, VEGF and 
CTGF transcription and secretion. These factors are known to 
be involved in modulating the response of tumor cells to acti-
vated CAFs. GPER was involved in hypoxia‑induced VEGF 
expression in breast cancer CAFs (19). We investigated the role 
of GPER in these hypoxia‑induced effects, and found that GPER 
was knocked down by siRNA (Fig. 2A). The data showed that 
silencing of GPER abrogated the hypoxia-induced overexpres-
sion of these factors in CAFs (Fig. 2B-D and Fig. 3A-C).

Knockdown of GPER in CAFs suppresses breast cancer cell 
invasion induced by CAF conditioned media under hypoxic 
conditions. It has been demonstrated that high levels of GPER 
expression in cancer cells are linked to enhanced invasive 
potential  (25,26). Thus, we investigated whether GPER 

derived from stromal components also influenced the behavior 
of tumor cells. We examined whether media from CAFs 
cultured under hypoxic conditions promoted the metastatic 
potential of cancer cells (using MDA-MB-231 cells derived 
from human primary breast adenocarcinoma). We treated 
MDA-MB-231 cells with conditioned media (CM) from CAFs 
activated by hypoxia with or without GPER silencing, and 
assayed their ability to express invasion‑associated enzymes 
(e.g., MMP-9 or uPA) and to invade through a reconstituted 
matrigel barrier. The results revealed that CM from CAFs 
significantly increased the MMP-9 and uPA levels of breast 
cancer cells under either normoxic or hypoxic conditions 
(Fig. 4A). Moreover, CM from CAFs was mildly active in 
promoting the invasiveness of breast cancer cells under the 
two conditions (Fig. 4B and C). Exposure of CAFs to hypoxia 
during their activation enhances their ability to affect breast 
cancer motility, leading to a 1.7-fold (normoxia) or 2.2-fold 
(hypoxia) increase in invasiveness (Fig. 4B and C). However, 
GPER knockdown eliminated the effects of activated CAFs 
and hypoxia on breast cancer invasiveness (Fig. 4). These 
findings suggested that CAFs are sensitive to hypoxia, which 
enhances their promotion of breast cancer invasiveness.

GPER silencing in CAFs inhibits hypoxia-increased CTGF 
expression in CAFs and breast cancer cells cultured with 
CM from CAFs. In tumor cells, CTGF has been reported to 
regulate growth, migration, invasion, and angiogenesis (27-29). 
We investigated whether CTGF is involved in the hypoxia-
driven programs by GPER. We therefore analyzed CTGF 
expression in CAFs and breast cancer cells under normoxic 
and hypoxic conditions. In CAFs exposed to hypoxia, there 

Figure 2. GPER knockdown eliminates the expression of IL-6, VEGF and CTGF in activated CAFs under hypoxia exposure. Following transfection with 
siRNA for 48 h, CAFs were cultured under normoxic or hypoxic conditions for 12 h. (A) GPER interference efficiency in CAFs under hypoxia was analyzed 
by western blotting (left) and RT-qPCR (right). *P<0.05. CAFs were treated with hypoxia for 12 h, and the cells were serum-starved for an additional 24 h. 
(B) IL-6, (C) VEGF and (D) CTGF mRNAs were evaluated by RT-qPCR. *P<0.05 vs. the normal control group under normoxia. #P<0.05 vs. the control siRNA 
group under hypoxia. The data are representative of at least three independent experiments.
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Figure 3. GPER knockdown abrogates IL-6, VEGF and CTGF in activated CAFs under hypoxia exposure. Following transfection with siRNA for 48 h, CAFs 
were cultured under normoxic or hypoxic conditions for 12 h. The cells were then serum-starved for an additional 24 h. ELISA was performed to detect the 
expression of IL-6 (A), VEGF (B) and CTGF (C) in the CAF culture media as described in Materials and methods. *P<0.05 vs. the normal control group under 
normoxia. #P<0.05 vs. the control siRNA group under hypoxia. The data are representative of at least three independent experiments.

Figure 4. GPER knockdown in CAFs suppresses the pro-invasive effect of CAFs on breast cancer cell invasion. Following transfection with siRNA for 48 h, 
CAFs were cultured under normoxic or hypoxic conditions. CM, conditioned media of CAFs activated by hypoxia. St Med, standard media of MDA-MB-231 
cells. CM from CAFs were collected after the cells were treated with hypoxia for 12 h and serum‑starved for an additional 24 h. (A) MDA-MB-231 cells were 
incubated under hypoxia with the CM from CAFs for 24 h. MMP-9 and uPA protein levels in MDA-MB-231 cells were analyzed by western blotting. (B and 
C) MDA-MB-231 cells were incubated under hypoxia with the CM from CAFs for 24 h. The cells were seeded in a matrigel-coated invasion chamber under 
hypoxic or normal conditions for 24 h. The migrated cells were quantified by counting the number of cells in 10 random fields at a magnification of x100. 
*P<0.05. The data are representative of at least three independent experiments.



ren et al:  CAFs ENHANCE BREAST CANCER INVASION UNDER HYPOXIC CONDITIONS1934

was a significant increase in CTGF expression, whereas CTGF 
exhibited a low expression under normoxic conditions (Fig. 5A 
and B). MDA-MB-231 cells were treated with CM from CAFs 
activated by hypoxia for 24 h under normoxic and hypoxic 
conditions. Hypoxia significantly increased CTGF expression 
in MDA-MB-231 cells, and treatment with CM from CAFs 
greatly increased this effect. Moreover, CM from CAFs was 
able to upregulate CTGF expression in MDA-MB-231 cells 
even under normoxic conditions (Fig. 5C and D). However, 
GPER silencing in CAFs abrogated CTGF expression in CAFs 
and breast cancer cells cultured with CM from CAFs under 
normoxic and hypoxic conditions (Fig. 5). Moreover, GPER 
knockdown eliminated CAF activation induced by hypoxia 
(Fig. 5A).

CTGF is responsible for the observed effects of GPER on 
CAF activation and breast cancer invasion. Since GPER 
knockdown in CAFs may eliminate CTGF upregulation under 
hypoxia exposure in CAFs and MDA-MB-231 cells, we inves-
tigated whether CTGF is responsible for the observed effects of 
GPER on activation of CAFs and breast cancer invasion. CTGF 
siRNA was applied to the knockdown of CTGF expression in 
CAFs and MDA-MB-231 cells. Since the expression level of 
CTGF in CAFs under normoxic conditions was extremely 
low, we detected the interference efficiency of CTGF siRNA 
in CAFs and MDA-MB-231 cells under hypoxic conditions 
(Fig. 6A). The GPER and α-SMA expression in CAFs and the 
MMP-9 and uPA expression in MDA-MB-231 cells were then 

examined. CTGF siRNA significantly suppressed α-SMA 
expression in CAFs under normoxic and hypoxic conditions 
(Fig. 6B). However, GPER expression was not affected by 
CTGF siRNA (Fig.  6B and C). Moreover, knockdown of 
CTGF in MDA-MB-231 cells decreased the MMP-9 and uPA 
expression of MDA-MB-231 cells cultured with CM from 
hypoxia‑activated CAFs under the two conditions (Fig. 6D). 
Since CTGF siRNA did not influence GPER expression in 
CAFs, and GPER knockdown downregulated CTGF expres-
sion, these data indicated that CTGF is a downstream gene of 
GPER, and is responsible for the observed effects of GPER on 
CAFs activation and breast cancer invasion.

Discussion

The results of this study are consistent with a mandatory role 
for some components of the tumor microenvironment, i.e., 
CAFs and hypoxia, in the progression of breast cancer towards 
an aggressive phenotype. We provide evidence that i) stromal 
reactivity depends on hypoxia (particularly on its associated 
GPER expression); ii) hypoxia and activated CAFs exhibit 
synergy in promoting breast cancer invasiveness, increasing 
CTGF expression.

Breast tumors are characterized by an extensive desmo-
plastic stroma, abundantly populated by fibroblasts, and CAFs 
were shown to support the growth of mammary tumors (30). 
Accumulating evidence indicates that tumor desmoplasia plays 
a central role in disease progression and that activated CAFs 

Figure 5. GPER silencing in CAFs attenuates hypoxia-induced CTGF upregulation in CAFs and breast cancer cells cultured with CM from CAFs. Following 
transfection with siRNA for 48 h, CAFs were cultured under normoxic or hypoxic conditions. CM, conditioned media of CAFs activated by hypoxia. 
St Med, standard media of MDA-MB-231 cells. (A and B) Subconfluent CAFs were treated with hypoxia for 12 h and serum‑starved for an additional 24 h. (A) 
CAFs were lysed, and immunoblots for CTGF and α-SMA were performed. (B) mRNA expression of CTGF in CAFs was analyzed by RT-qPCR as described 
in Materials and methods. *P<0.05. (C and D) MDA-MB-231 cells were incubated under hypoxia with or without the CM from CAFs for 24 h. (C) CTGF protein 
levels of MDA-MB-231 cells were analyzed by western blotting. (D) mRNA expression of CTGF in MDA-MB-231 cells was analyzed by RT-qPCR. *P<0.05. 
The data are representative of at least three independent experiments.
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are responsible for the excess matrix production. The mecha-
nisms underlying the interplay between tumor and stroma are 
complex. Various growth factors, such as transforming growth 
factor (TGF)-α, TGF-β, insulin-like growth factor (IGF)-I, 
IGF-II and platelet-derived growth factor (PDGF), have been 
identified. These growth factors secreted by cancer cells and 
can stimulate stromal cells (31-33), which mediate effects on 
tumor growth, invasion, metastasis, and resistance to chemo-
therapy. It is therefore conceivable that the different stromal 
frameworks they encounter in this pathway grossly affect 
their behavior and their terminal differentiation. This result is 
consistent with our observation that MDA-MB-231 cells sense 
activated stromal CAFs with a clear increase in their invasive-
ness. This behavior of breast cancer cells in response to their 
activated CAF counterparts is common among other tumors, 
such as melanoma, pancreatic carcinoma, and prostate carci-
noma, the motility and aggressiveness of which is enhanced 
following contact with CAFs (24,34-36). In addition, activated 
stromal prostate fibroblasts induce stem-like characteristics 
in carcinoma cells, thereby strengthening the effect of these 
fibroblasts on metastatic tumor growth (35,37,38).

Solid tumors often experience low‑oxygen tension, which 
is predominantly caused by abnormal vasculature formation 
in the rapidly growing tumor mass. Our data indicate that 
hypoxia activated CAFs and elicited the secretion of key cyto-
kines such as VEGF, IL-6, and CTGF, which are known to 
exert angiogenic and inflammatory functions. Tumor hypoxia 

is recognized as a key factor in tumor progression in several 
cancer models, as it is correlated with de novo angiogenesis 
and with profound changes in tumor metabolism as well as 
achievement of motile behavior (39,40). These events syner-
gistically facilitate the metastatic spread of aggressive cells. 
Recent studies on breast cancer have shown that GPER is an 
HIF-1-regulated gene, which contributes to adaptation to a 
low‑oxygen environment in breast cancer cells and in cardio-
myocytes (41). 

Our results suggest that CAFs also sense hypoxia through 
GPER upregulation, as GPER siRNA knockdown efficiently 
abolishes CAF activation and the effects of CAFs on breast 
cancer cells. As expected, GPER knockdown abolished the 
expression of VEGF, IL-6, and CTGF induced by activated 
CAFs, suggesting a key role for hypoxia-driven GPER expres-
sion in the regulation of angiogenic and inflammatory responses 
during breast cancer progression. Recchia  et  al  recently 
reported that hypoxia leads to the upregulation of CTGF (41), 
which is a target gene of HIF-1α (41,42) and GPER (19,43). We 
also showed that CTGF participates in hypoxia-driven GPER-
induced effects on CAFs and breast cancer cells.

VEGF and CTGF, which are involved in angiogenesis and 
invasion of cancer and endothelial cells, and IL-6, which is 
involved in the organization of the pro-inflammatory response, 
have already been reported to be under the transcriptional 
control of HIF-1  (44,45). We have shown that in breast 
cancer, the secretion of these cytokines by activated CAFs is 

Figure 6. CTGF interference abrogates the observed effects of GPER silencing on CAFs activation and breast cancer invasion. (A) CTGF interference effi-
ciency in CAFs and MDA-MB-231 cells under hypoxia were analyzed by western blotting (left) and RT-qPCR (right). (B and C) CAFs transfected with siRNA 
were cultured under normoxic or hypoxic conditions for 12 h and serum‑starved for an additional 24 h. (B) The GPER and α-SMA protein level of CAFs were 
analyzed by western blotting. (C) The GPER mRNA level of CAFs was analyzed by RT-qPCR. (D) MDA-MB-231 cells transfected with siRNA were incubated 
with the conditioned media (CM) from CAFs under normoxia or hypoxia for 24 h. The cells were lysed, and MMP-9 and uPA mRNAs were analyzed by 
RT-qPCR. *P<0.05. The data are representative of at least three independent experiments.
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dependent on concomitant exposure to hypoxia. These results 
indicate that activated CAFs exposed to hypoxia are active 
players in attracting breast cancer cells to different locations. 
Active factors in this chemoattraction include CTGF, VEGF, 
and IL-6, confirming their pleiotropic role in breast cancer 
progression. Thus, the surrounding stroma, with intralesional 
hypoxic areas, may play a role in attracting metastatic breast 
cancer cells from the primary lesions, thereby facilitating 
satellite metastases.

GPER and HIF-1α are recruited to the HRE site located 
within the VEGF promoter region and cooperatively act as a 
functional complex for the transcription of VEGF (19). The 
present results show that GPER knockdown abrogated hypoxia-
driven CAF activation. Moreover, GPER silencing inhibited 
breast cancer cell invasion induced by CAF CM, and abolished 
hypoxia-activated CTGF, VEGF, and IL-6 secretion in CAFs. 
Additionally, GPER knockdown suppressed hypoxia-enhanced 
CTGF expression in CAFs and breast cancer cells cultured with 
CM from CAFs. However, siRNA‑mediated downregulation of 
CTGF abolished the effects of GPER silencing on inhibiting 
CAF activation and breast cancer invasion. These data indicate 
that GPER silencing has a protective effect against hypoxia in 
the breast tumor-stromal interaction, which is associated with 
its ability to ameliorate CTGF upregulation.
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