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ABSTRACT

The targeted therapy for triple-negative breast cancer (TNBC) is a great challenge due to our
poor understanding on its molecular etiology. In the present study, our clinical data
showed that the expression of G-protein coupled estrogen receptor (GPER) is negatively
associated with lymph node metastasis, high-grade tumor and fibronectin (FN) expression
while positively associated with the favorable outcome in 135 TNBC patients. In our exper-
imental studies, both the in vitro migration and invasion of TNBC cells were inhibited by
GPER specific agonist G-1, through the suppression of the epithelial mesenchymal transi-
tion (EMT). The G-1 treatment also reduced the phosphorylation, nuclear localization,
and transcriptional activities of NF-kB. While over expression of NF-«B attenuated the ac-
tion of G-1 in suppressing EMT. Our data further illustrated that the phosphorylation of
GSK-3p by PI3K/Akt and ERK1/2 mediated, at least partially, the inhibitory effect of G-1
on NF-kB activities. It was further confirmed in a study of MDA-MB-231 tumor xenografts
in nude mice. The data showed that G-1 inhibited the in vivo growth and invasive potential
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of TNBC via suppression of EMT. Our present study demonstrated that an activation of
GPER pathway elicits tumor suppressive actions on TNBC, and supports the use of G-1 ther-
apeutics for TNBC metastasis.

© 2016 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights

reserved.

1. Introduction

Breast cancer is one of the most diagnosed cancers and the
leading causes of cancer death in females worldwide
(Desantis et al., 2014). Triple-negative breast cancer (TNBC),
which is characterized by testing negative for the estrogen re-
ceptor (ER), progesterone receptor (PGR) and human
epidermal growth factor receptor 2 (HER-2), accounts for
15—-20% of all breast cancers (Kirkpatrick, 2009). Since the
lack of common therapeutic targets, TNBC patients are
neither susceptible to endocrine therapy nor to targeted ther-
apeutics used for HER2-positive (Trastuzumab and Lapatinib)
or ERa-positive (Tamoxifen and aromatase inhibitors) breast
cancers (Kirkpatrick, 2009). Moreover, TNBC patients are
commonly associated with increased risks for metastasis
and high rates of recurrence with the worst overall survival
rates among all subtypes of breast cancer (Gilbert, 2012). The
rate of death of TNBC patients within 5 years of diagnosis is
two-fold of ER-a-positive tumors (Kirkpatrick, 2009). Currently
there is no FDA (Food and Drug Administration)-approved tar-
geted therapy for TNBC patients. Therefore, there is an urgent
need to reveal the underlying molecular mechanisms respon-
sible for the aggressive nature of TNBC, and to develop tar-
geted approaches for TNBC treatment.

G-protein coupled estrogen receptor (GPER), a member of
G-protein coupled receptor (GPCR), has been recently shown
to mediate rapid nongenomic actions of estrogen (Lappano
and Maggiolini, 2011). The activation of GPER can regulate
the activities of adenylyl cyclase, epidermal growth factor re-
ceptors (EGFRs), mitogen-activated protein kinase (MAPK) and
phosphoinositide 3-kinase (PI3K) signaling pathways (Ge et al.,
2012; Luo et al., 2012), and modulate the progression of various
hormone-responsive tumors such as endometrial (Filigheddu
et al.,, 2011), ovarian (Wang et al., 2013), and breast (Ariazi
etal., 2010) cancers. Intriguingly, GPER was found to be greatly
expressed in TNBC cell-lines and patient tissue samples
(Steiman et al., 2013; Yu et al., 2014), particularly for premen-
opausal women (Filardo et al., 2006; Steiman et al., 2013).
Therefore it is worthy to investigate if the modulation of
GPER-signaling might affect the development and metastasis
of TNBC.

Epithelial-mesenchymal transition (EMT) is a process by
which epithelial cells lose their cell polarity and gain migra-
tory and invasive mesenchymal phenotype (Thiery et al.,
2009). The progression of EMTs can be regulated by several
important transcription factors such as Snail, Slug, Twist
and Zeb (Thiery et al., 2009), followed by the convergence of
the multiple signaling pathways such as MAPK, PI3K, and
NF-«B (Craene and Berx, 2013; Tiwari et al., 2012). Increasing

evidences show that in TNBC, the most lethal and aggressive
subtype of breast cancer, malignant cells undergo an EMT to
become motile (Mostert et al., 2009). It is evident that invasion
of TNBC occurs through the “crosstalk” or cross-signaling
pathways between growth factor receptors particularly IGF-
1receptor (IGF-1R) and c-Met via EMT initiation (Al Moustafa,
2013). Therefore, the process of EMT and its regulators are ma-
jor targets for TNBC therapy.

Recent studies have reported that the activation of GPER
via non-specific agonists such as 17-estradiol and fulvestrant
can trigger the migration and invasion of cancer cells (Li et al.,
2014; Yan et al.,, 2013). However, inconsistent observations on
the activation of GPER pathways by agonists with different
specificities on the progression of cancer development were
reported (Lappano et al., 2014; Wei et al., 2014). There is a
pressing need to investigate the activating effect of specific
GPER agonist on the motility of TNBC. In the present study,
we reported that the activation of GPER by G-1 significantly
inhibited the migration and invasion of TNBC both in vitro
and in vivo and reversed the process of EMT. Furthermore,
the down regulation of NF-kB through the phosphorylation
of GSK-3p by ERK1/2 and PI3K/Akt was involved in G-1 elicited
EMT suppression. Our findings suggested that activation of
GPER signaling might represent a novel therapeutic for TNBC
metastasis.

2. Materials and methods
2.1. Patients and tissue samples

The study included a group of 135 clinical—pathological char-
acterized patients between 2007 and 2014 with histologically
confirmed TNBC from the Affiliated Cancer Hospital at
Guangzhou Medical University and the Cancer Center of Sun
Yat-sen University. For all of the patients who participated
in this study, written consent forms approved by the Ethical
Committee of Sun Yat-sen University according to the Chi-
nese Ethical Regulations were signed and documented. All tis-
sue samples were dissected and collected by an experienced
pathologist. The samples were then stored at —80 °C until
further analysis. The expressions of GPER and fibronectin
(FN) were examined by immunohistochemistry (IHC). Clinical
data were reviewed retrospectively from medical records.

2.2 Reagents

PD 98059 (PD, ERK1/2 kinase inhibitor), AG 1478 (AG, EGFR in-
hibitor), SB203580 (SB, p38-MAPK inhibitor), LY294002 (LY,
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Figure 1 — The roles of GPER in TNBC clinical samples. (A) Immunohistochemical analysis of GPER in TNBC samples. The carcinomas

showed four distinct patterns of expression: no expression (a), low expression (b), medium expression (c), and high expression (d); (B)

Kaplan—Meier analysis of cancer specific survival for all patients.

PI3K/Akt inhibitor), H89 (PKA inhibitor), GF109203X (GF, PKC
inhibitor), BAY11-7028 (BAY, NF-«B inhibitor), and LiCl (GSK-
3B inhibitor) were purchased from Selleck Chemicals (Hous-
ton, TX, USA). G-1 (GPER agonist), G15 (GPER antagonist) and
other chemicals at reagent or molecular grade were obtained
from Sigma Chemical Co. (St. Louis, MO, USA) unless other-
wise noted. The purified rabbit antibody against GPER
(SP4677P) for IHC was purchased from Acris antibodies (Her-
ford, Germany). Monoclonal antibodies against FN, E-Cad-
herin (E-Cad), vimentin (Vim), Snail, Slug, Twist, Zeb,
Histone H2A, p-p65 (Ser536), p65, p-GSK-3B (Ser9), GSK-3B, p-
PKC (Ser660), PKC, ERK1/2, p-ERK1/2 (Thr202/Tyr204), p-JNK
(Thr-183/Tyr-185), JNK, p-p38 MAPK (Thr180/Tyr182), p38-
MAPK, p-PKA (Ser%96), PKA, and GAPDH were from Cell
Signaling Technology Inc (Beverly, MA, USA). Antibodies
against p-Akt (Ser473) and Akt were purchased from Bioworld
Technology Inc (Minneapolis, MN, USA). Horseradish
peroxidase-conjugated secondary antibody was from Santa
Cruz Biotechnology (Santa Cruz, CA, USA). All compounds
were dissolved in DMSO. Medium containing 0.5% DMSO
was used as the control.

2.3.  Cell culture and transfection

The cancer cell-lines MCF-7, T47D, HS578T, MDA-MB-231, BT-
549, and OVACRS were acquired from the American Type
Culture Collection (Manassas, VA, USA), and cultured in
RPMI 1640 or DMEM medium (Invitrogen Corporation, Carls-
bad, CA, USA) supplemented with 10% heat-inactivated fetal
bovine serum, 100 U/ml penicillin, and 10 pg/ml streptomycin
at 37 °C in a 5% CO, atmosphere. An ABI 3130 Genetic
Analyzer (Applied Biosystems) was used for the profiling.
The DNA profile data were cross-checked with the ATCC
data bank. Twenty-four hours before experiments, the

culture medium was replaced with phenol red-free medium
to remove the estrogen-like activity of phenol red. For trans-
fection studies, cells were seeded into plates and transfected
using Lipofectamine 2000 reagent (Invitrogen) with pcDNA3.1
(vector control), pcDNA3.1/p65 (a gift from Dr Jun Cui, Sun
Yat-sen University), siRNA negative control (si-NC), or si-
GSK-3B.

2.4.  In vitro wound-healing and transwell invasion
assay

A wound-healing assay was used to compare the migratory
ability of MDA-MB-231 and BT-549 cells as previously described
(Chenetal., 2015). The cellinvasion assay was conducted using
6-well transwell plates (Falcon cell culture inserts, 8-um pore
size, BD, NJ) according to our previous study (Jiang et al,,
2013a) and described in detail in the Supplementary Data.

Table 1 — GPER expression in clinical and pathological

characteristics of 135 TNBC patients.

Characteristics N GPER low/no GPER high/medium p value

Age
<50 63 27 36 0.526
>50 72 27 45

Stage
/1 84 31 53 0.346
/v 51 23 28

Grade
/11 54 12 42 <0.001
111 81 42 39

Node metastasis
Negative (<10) 81 24 57 0.003
Positive (>10) 54 30 24
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2.5. Western blot analysis

Western blotting was performed as previously described (Ge
et al., 2014).

2.6. Nuclear/cytosol fractionations

Nuclear and cytosolic fractions from cells were obtained by
using a nuclear/cytosol fractionation kit (BioVision), and
Western blot analysis was performed to check the purity of
the isolated fractions.

2.7. Quantitative real-time PCR

Total RNA was extracted with TRIZOL reagent. First strand
cDNA synthesis was performed in a reaction mix containing
2 ng of total RNA, oligo-dT primer and Superscript II Reverse
Transcriptase (GIBCO BRL, Grand Island, NY, USA). Quantita-
tive Real-Time PCR (qRT-PCR) was implemented with an iCy-
cler (Bio-Rad, Hercules, USA) using validated primers and
SYBR Premix Ex Tagq II (Takara, Japan). The cycle number at
threshold (Ct) was used to quantify the transcript levels of
genes of interest. Transcripts of the housekeeping gene
GAPDH in the same incubations were used for normalization.
Primer pairs were as follows: FN, forward 5-CCC AGA CTT
ATG GTG GCA ATT C-3' and reverse 5-AAT TTC CGC CTC
GAG TCT GA-3; CDH1 (gene of E-Cad), forward 5'-
CGTCCTGCCAATCCTGATGA-3" and reverse 5-ACCACTGCCC
TCGTAATCGAAC-3'; Snail, forward 5-GAC CAC TAT GCC
GCG CTC TT-3 and reverse 5-TCG CTG TAG TTA GGC TTC
CGA TT-3; Slug, forward 5'-TTC GGA CCC ACA CAT TAC CT-
3" and reverse 5'-GCA GTG AGG GCA AGA AAA AG-3'; GAPDH,
forward 5'-GCA CCG TCA AGG CTG AGA AC-3' and reverse 5'-
TGG TGA AGA CGC CAG TGG A-3'.

2.8. Immunofluorescence

Immunofluorescent staining was carried out as described pre-
viously (Wei et al., 2014) and described in detail in the
Supplementary Data.

2.9. Luciferase reporter assay

Luciferase activity was measured using the Dual Luciferase
Reporter Assay kit (Promega) according to the manufacturer’s
instructions. In brief, cells at approximately 70% confluence
were transfected with 0.2 ug DNA/cm? of pNF-«B-luc plasmid.
Six hours after the transfection, the cells were cultured in a
medium containing 10% FBS overnight, and then exposed to

G-1 for designated time. Then cells were lysed and luciferase
activity was measured using a dual-luciferase assay kit (Prom-
ega). pRL-TK was co-transfected as a control. Firefly luciferase
activities were divided by Renilla activities to normalize for
the transfection efficiency. Experiments were performed
three times with similar results obtained.

2.10. Animal experiments

Nude mice were purchased from the Sun Yat-sen University
(Guangzhou, China) Animal Center and raised under
pathogen-free conditions. All animal experiments complied
with the Zhongshan School of Medicine Policy on the Care
and Use of Laboratory Animals. MDA-MB-231 cells (2 x 10°
per mouse) were injected subcutaneously into the fourth right
mammary fat pad at the base of the nipple of nude mice with
50% Matrigel (BD bioscience, Bedford, MA). When the tumor
was visible, the mice of G-1 group were treated with G-1
(4 mg per kg, body weight) by tail vein injection for every three
days (four times together). The control group was treated with
an equal volume of vehicle (PBS). Tumor growth and body
weight were monitored every two days. The tumor volume
was calculated using the formula V = 1/2 x larger
diameter x (smaller diameter)?. When the tumor volume at
the control group reached approximate 1000 mm?, the ani-
mals were sacrificed. Tumors were removed and weighed
for histology and Western blot analysis. Tumor burden in
lung tissues was quantified by manually counting the
numbers of nodules visible on the lung surface. Tumors and
lungs were embedded in paraffin for further study.

2.11. Tumor histology and immunohistochemistry

Immunohistochemical staining of formalin-fixed paraffin-
embedded tissues was conducted as previously described
(Liu et al., 2012). Briefly, tumor tissues (both mice and human)
and lungs (mice) were fixed in formalin and embedded in
paraffin. Sections (5 pm) were cut, deparaffinized, hydrated
and stained with hematoxylin and eosin H&E (Sigma). For
IHC staining, sections were treated with 3% H,0, in water
for 10 min to block endogenous peroxidase activities. Antigen
retrieval procedure was done with 10 mM citrate buffer
(pH6.0) for 10 min. Tissue sections were incubated with the
Biocare blocking reagent for 10 min to minimize non-specific
binding, followed by an overnight incubation at 4 °C with
anti-GPER or FN. Slides were then washed in PBS twice and
incubated with goat anti-rabbit horseradish peroxidase-
conjugated secondary antibodies for 30 min at room tempera-
ture. Finally, slides were washed and incubated with 3,3'-

Figure 2 — Activation of GPER inhibits in vifro migration and invasion of TNBC cells. (A) The expression of GPER in human cancer cells were

measured by Western blot analysis; Confluent monolayers of MDA-MB-231 (B) or BT-549 (C) cells were scraped by a pipette tip to generate

wounds and then were treated with or without 1 pM G-1 for 0, 24, and 48 h, respectively; quantitative analysis of wound healing assay was showed
in the right column; (D) MDA-MB-231 and BT-549 cells were allowed to invasive transwell chambers for 48 h in the presence or absence of 1 pM
G-1. Then invaded cells were fixed, stained, and photographed; (E) MDA-MB-231 were transfected with si-NC or si-GPER for 24 h, scraped by a
pipette tip to generate wounds, and then treated with or without 1 pM G-1 for 48 h; (F) MDA-MB-231 cells were transfected with si-NC or si-

GPER for 24 h and then allowed to invasive transwell chambers for 48 h in the presence or absence of 1 pM G-1. Data represented the average of

three independent experiments. *p < 0.05 compared with control, **p < 0.01 compared with control. Scale bar = 100 pm.
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diami-nobenzidine and counter stained with hematoxylin.
The slides were analyzed separately by two pathologists
without knowing the patients’ clinical information. The stain-
ingintensity was scored on a scale of 0—3 as negative (0), weak
(1), medium (2) or strong (3). The extent of the staining, defined
as the percentage of positive stained areas of tumor cells per
the whole tumor area, was scored on a scale of 0 (0%), 1
(1-25%), 2 (26—50%), 3 (51—75%) and 4 (76—100%). An overall
protein expression score (overall score range, 0—12) was calcu-
lated by multiplying the intensity and positivity scores accord-
ing to the previous study (Yao et al., 2015). For statistical
purposes the staining score was further categorized as nega-
tive (0—2), low (3—5), medium (6—8), and high (9—12).

2.12. Statistical analyses

All values were reported as mean + SD from three indepen-
dent experiments unless otherwise specified. Data were
analyzed by two-tailed unpaired Student’s t-test between
two groups and by One-Way ANOVA followed by Bonferroni
test for multiple comparison. Clinical correlations were
analyzed by Pearson chi-square test. The survival curves
were plotted by using Kaplan—Meier analysis. Statistical anal-
ysis was carried out using SPSS 16.0 for Windows. A p-value of
<0.05 was considered to be statistically significant.

3. Results
3.1. The expression and roles of GPER in TNBC patients

Since the association of GPER signaling and clinical prognosis
of cancer patients are still elusive, we analyzed the expression
of GPER in a set of 135 TNBC tumors by IHC in the present
study. Representative GPER immunostaining of TNBC samples
was shown in Figure 1A. Table 1 showed that the expression
level of GPER is significantly (p < 0.01) negatively associated
with high-grade tumors and lymph node metastasis.
Kaplan—Meier analysis of all 135 patients demonstrated a sig-
nificant (p < 0.05) and positive correlation between GPER
levels and overall survival (OS). Moreover, statistical compar-
isons of survival between groups with the log-rank statistical
test suggested that patients whose tumors expressing less
GPER showed poorer survival rate as compared with those
with greater levels of GPER (p < 0.01) (Figure 1B). Our results
showed that greater expression level of GPER is associated
with a favorable prognosis in TNBC patients.

3.2 Activation of GPER inhibits in vitro motility of
TNBC cells

Clinical data revealed that expression level of GPER is nega-
tively associated with high-grade tumors and lymph node
metastasis. We then investigated the roles of GPER in the
motility of TNBC cells. As shown in Figure 2A, GPER was high-
ly expressed in the ERa+ breast cancer cell-lines T47D and
MCEF-7 as well as the TNBC cells BT-549, MDA-MB-231, and
Hs578T, although the expression was less than that in the

positive control OVCARS cells (Yan et al., 2013). Then MDA-
MB-231 and BT-549 cells were used for subsequent experi-
mental studies of GPER functions. In the experiments, the
dose of 1 uM G-1 was used to investigate the activation of
GPER in cancer cells according to the previous studies
(Madeo and Maggiolini, 2010; Pandey et al., 2009; Wei et al.,
2014). The treatment with 1 uM G-1 for 24 or 48 h noticeably
inhibited wound closure of both MDA-MB-231 (Figure 2B)
and BT-549 cells (Figure 2C) as compared with the control
group. Boyden chambers were used to confirm the inhibitory
function of G-1 on the in vitro invasion of TNBC cells. As
shown in Figure 2D, the number of invaded MDA-MB-231
and BT-549 cells treated with 1 pM G-1 for 24 h was signifi-
cantly (p < 0.05) lesser than that of the control cells. This
was further confirmed by the use of 100 nM G-1 in which
the treatment inhibited both wound closure and invasion in
both MDA-MB-231 and BT-549 cells (Figure S1). G15, the spe-
cific antagonist of GPER, had no significant (p > 0.05) effect
on the motility of MDA-MB-231 cells (Figure S2). The silencing
of GPER by siRNA significantly attenuated the inhibitory ef-
fects of G-1 on the wound closure and the invasion of MDA-
MB-231 cells (Figure 2E and F). These data suggested that G-
1 inhibits the motility of TNBC cells in vitro through the acti-
vation of GPER.

3.3.  Activation of GPER suppresses EMT of TNBC cells

EMT is an important process that leads to metastasis of breast
cancer, especially in the most aggressive and lethal subtype of
TNBC (Al Moustafa, 2013). To assess the functional role of
GPER in EMT, we determined the effects of G-1 on cell behav-
iors. Figure 3A showed that MDA-MB-231 cells treated with G-
1 lost their spindle-like fibroblast phenotype but assumed a
cobblestone-like epithelial morphology. These morphological
changes were supported by Western blot analysis, which
showed an increase of epithelial cell marker E-cad expression
and a decrease of mesenchymal cell marker FN expression in
the G-1 treated MDA-MB-231 (Figure 3B) and BT-549 (Figure S3)
cells. Similarly, immunofluorescence analysis showed that G-
1 treatment down regulated mesenchymal characteristic in
FN expression but unregulated epithelial maker E-Cad expres-
sion (Figure 3D). Furthermore, gRT-PCR analysis showed that
G-1 treatment down regulated FN transcript levels in both
MDA-MB-231 (Figure 3C) and BT-549 (Figure S4) cells in a
time-dependent manner. No significant change in the mRNA
expression levels of E-Cad was noted. G-1 treatment also
significantly suppressed the in vitro motility and EMT progres-
sion of Hs548T cells (Figure S5). Collectively, these observa-
tions showed a critical role of GPER activation in the EMT
and metastatic potential of the TNBC cells.

Since transcription factors Snail, ZEB1, Twist and Slug play
essential roles in the regulation of EMT (Thiery et al., 2009), we
then investigated whether their expressions were modulated
in G-1 treatment. Our results showed that G-1 treatment had
no significant effect on the protein expression of Snail, Slug,
Twist or ZEB1 in either MDA-MB-231 (Figure 3E) or BT-549
(Figure S6) cells. Using nuclear/cytosol fractions, we then
investigated the nuclear translocation of Snail and Slug in
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MDA-MB-231 cells treated with 1 uM of G-1 for 24 h or 48 h by
Western blot analysis. The results showed that G-1 treatment
had no obvious effect on the subcellular localization of either
Snail or Slug (Figure 3F). Similarly, G-1 had no significant effect
on the mRNA level of Snail or Slug in MDA-MB-231 cells
(Figure S7). Generally, it seems that these EMT related tran-
scription factors are not involved in the process of G-1 induced
EMT suppression of TNBC cells.

3.4. Inhibition of NF-xB mediates the suppressive effects
of G-1 on EMT

NF-«B has been reported to play an essential role in the EMT
and further link estrogen signals of breast cancer (Huber
etal., 2004; Li et al., 2012; Radisky and Bissell, 2007). Therefore
we determined the effects of G1 on the total and phosphory-
lated levels of p65 in the TNBC cells. The results showed
that G-1 rapidly (5 min) reduced p-p65 levels in both MDA-
MB-231 (Figure 4A) and BT-549 (Figure S8) cells. The G-1 eli-
cited p65 dephosphorylation lasted for more than 48 h of the
post-treatment. Although the total level of p65 protein was
unchanged in MDA-MB-231 (Figure 4A) and BT-549
(Figure S9) cells, a reduction of its abundance in nuclear local-
ization was detected (Figure 4B). Using dual luciferase reporter
assay, our data demonstrated that G-1 treatment caused a
time-dependent reduction in NF-«kB-driven transcriptional ac-
tivities in MDA-MB-231 cells (Figure 4C). Collectively, our data
revealed that the activation of GPER reduces the phosphoryla-
tion, nuclear localization, and transcriptional activities of NF-
kB.

To verify the role of NF-«kB in G-1 induced EMT suppression
in TNBC cells, MDA-MB-231 and BT-549 cells were treated with
NF-kB specific antagonist BAY11-7028 for 48 h. Our data
showed that BAY11-7028 alone treatment mimicked the ef-
fects of G-1 in suppressing invasion (Figure 4D) and EMT pro-
gression (Figure 4E) of MDA-MB-231 and BT-549 cells. An over
expression of NF-kB in MDA-MB-231 cells by the transfection
pcDNA3.1/p65 plasmid (Figure S10) attenuated G-1 induced
cobblestone-like epithelial morphology (Figure S11) and
rescued the inhibitory effects of G-1 on wound closure and in-
vasion (Figure 512). These effects were confirmed by Western
blot analysis, which showed that the over expression of p65
significantly abolished the inhibitory effects of G-1 on the
expression of FN in both MDA-MB-231 and BT-549 cells
(Figure 4F). Collectively, these observations showed that an in-
hibition of NF-«B signaling mediates the suppressive effects of
G-1 on EMT of TNBC cells.

3.5.  Phosphorylation of GSK-38 by ERK1/2 and PI3K/
ARt participates in the process of G-1 suppressed NF-kB
activities

Previous studies reported that an activation of GPER induces
phosphorylation of its downstream targets including PKA,
PKB (PI3K/Akt), PKC, MAPK, and GSK-3B, which can regulate
the activation and subcellular localization of NF-«B
(Oeckinghaus et al., 2011). In this study, we found that G-1

treatment (5—-15 min) can rapidly increase the

phosphorylation of PKC, ERK1/2, Akt, and GSK-3p (Figure 5A),
while had no obvious effects on the phosphorylation of JNK,
p38-MAPK, and PKA (Figure S13). The phosphorylation of
ERK1/2, Akt, and GSK-3B were maintained for more than
24 h of the post-treatment in MDA-MB-231 cells (Figure S14).
The phosphorylation of GSK-3p, which maintains GSK-3p an
inactive state, is reported to negative control the activation
of NF-«B (Kotliarova et al., 2008). To verify the roles of GSK-
3B in G-1 suppressed NF-«kB activities and FN expression, we
knocked down the expression of GSK-3p in MDA-MB-231 cells
usingits specific si-RNA. The data showed that the silencing of
GSK-3B was associated with markedly decreases in the
expression levels of p-p65 and FN (Figure 5 B). Furthermore,
the treatment of the MDA-MB-231 cells with LiCl, a potent
GSK-3p inhibitor, led to significant reductions in the expres-
sion levels of p-p65 and FN (Figure 5C).

The G-1 induced phosphorylation of PKC, ERK1/2, and Akt
(5 min) was earlier than that of GSK-3B (15 min). Presumably
PI3K/Akt, PKC, and ERK1/2 might be the upstream regulators
of GSK-3B (Zhao et al., 2008). Using pharmacological approach,
our data showed that both LY294002 (PI3K/Akt inhibitor) and
PD 98059 (ERK1/2 inhibitor), but not GF109203X (PKC inhibitor),
significantly attenuated G-1 induced phosphorylation of GSK-
3B (Figure 5D). Furthermore, protein immunoprecipitation ex-
periments showed an increase in the interaction between Akt
and GSK-3B in G-1 treated MDA-MB-231 cells (Figure SE).
Taken together, our results demonstrated that the phosphor-
ylation of GSK-3B by PI3K/Akt and ERK1/2 mediates, at least
partially, the suppressive effects of G-1 on intracellular NF-
kB activities.

3.6.  Activation of GPER down regulates FN and inhibits
the progression of TNBC in vivo

To verify the roles of GPER in EMT and metastasis of TNBC
in vivo, we checked the expression and correlation of GPER
and FN in the 135 TNBC patients, of which 81 had elevated
GPER and 47 had low levels of FN (Table S1). Of the 43 tumors
with high expression levels of GPER, 22 (51.2%) samples
showed lesser FN expression. Of the 54 tumors with low levels
of GPER, 30 (55.5%) samples exhibited greater FN expression.
The Fisher’s exact test suggested that the scores for GPER
and FN immunostaining were significantly (p < 0.01) nega-
tively correlated with 53.3% (72/135) of the tissue samples.
The data suggested that GPER down regulates FN in the clin-
ical TNBC tissues.

Furthermore, we examined the effect of G-1 on the progres-
sion of MDA-MB-231 tumor xenografts in nude mice. Our re-
sults showed that G-1 treatment significantly (p < 0.01)
reduced the growth of MDA-MB-231 tumor xenografts in
nude mice (Figure 6A). Western blot analysis showed that G-
1 treatment significantly reduced the expression levels of FN
and Vim but enhanced the expression levels of E-Cad in tu-
mors of G-1 group (Figure 6B). Further, we observed that Akt
and GSK-3B were constitutively phosphorylated and p65 was
constitutively dephosphorylated in tumors of G-1 group
(Figure 6B). Interestingly, G-1 treatment also decreased the
expression levels of Snail in vivo, which was contrary to our
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Figure 3 — Activation of GPR30 suppresses EMT of TNBC cells while has no effect on the related transcription factors. (A) MDA-MB-231 cells were
treated with various concentrations of G-1 for 48 h, and then the cell morphological changes were recorded by a phase contrast microscope. MDA-
MB-231 cells were treated with 1 pM G-1 for the indicated times. Then the expression of epithelial maker E-cad and mesenchymal marker FN were
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in vitro results and needed further investigation. The effects of
G-1treatment on a reduction of FN expression but an increase
of E-Cad levels in the primary tumor xenografts were also
confirmed by the results of IHC (Figure 6C). Metastatic breast
cancer is known to form secondary tumors in the lungs
(Minn et al., 2005). Therefore, we performed histological anal-
ysis and found that lung metastases were abated in the G-1
treatment group (Figure 6D). The number of metastases to
the lungs in the G-1 group (4.8 £ 2.3, n = 13) was significantly
(p < 0.05) lesser than that in the control group (11 + 4.5,
n = 11). These data suggested that the activation of GPER in-
hibits the growth and invasive capability of TNBC via the sup-
pression of EMT process.

4. Discussion

GPER has been reported to mediate estrogen signals in the pro-
gression of breast cancer cells, while its role in metastasis of
TNBC remains not clear. In this report, we demonstrated
that the expression of GPER is negatively correlated with
high-grade tumors, lymph node metastasis, overall survival,
and FN expression in 135 cases of TNBC patients. Using both
in vitro and in vivo experimental models, we demonstrated
that the activation of GPER pathway inhibited EMT, decreased
the expression levels of FN, and suppressed the metastasis of
TNBC, via down regulation of NF-«kB activities through multi-
ple intracellular signaling pathways (Figure 7). The over
expression of NF-kB attenuated G-1 induced EMT suppression.
In MDA-MB-231 tumor xenografts, G-1 treatment significantly
inhibited growth and lung metastases in nude mice via sup-
pression of EMT. Taken together, the data reveal the first
time that the activation of GPER can effectively suppress the
metastasis of TNBC via an inhibition of EMT.

Our data in demonstrating the inhibitory effects of G-1 on
the in vitro migration and in vivo metastasis of TNBC are
consistent with the observations reported in using ovarian
cancer models (Henic et al., 2009; Ignatov et al., 2013a), howev-
er are inconsistent to other studies that demonstrated GPER
activation was able to promote metastasis of ER-negative
breast (Pandey et al., 2009; Yu et al.,, 2014), ovarian (Yan
et al., 2013), and endometrial (He et al., 2012) cancer cells.
The contradictory observations might be due to the use of ag-
onists of different specificities (i.e. estrogen, tamoxifen, and
bisphenol A) in their studies (iang et al., 2013b; Pandey
et al,, 2009; Yan et al., 2013; Yu et al., 2014) as compared to
the use of the specific agonist G-1 in our study. Therefore in
cancer cells expressing the classical ERa and estrogen related
receptor o (ERRa), the pro-migration effects might be exerted
and stimulated via ERa (Park et al., 2008; Ye et al., 2010) or

ERRa (Lam et al., 2014; Sailland et al., 2014), rather than the
GPER pathway.

Although we have demonstrated the inhibitory effects of
G-1 on EMT in TNBC cells, our results showed that the expres-
sion and subcellular localization of EMT-associated transcrip-
tion factors Snail, ZEB1, Twist and Slug, were not altered by G-
1 treatment. Nevertheless the phosphorylation, nuclear local-
ization, and transcriptional activities of NF-«kB in association
with EMT were significantly reduced by the G-1 treatment.
This is supported by the over expression study to show the ef-
fects of p65 on attenuating the inhibitory action of G-1 on EMT.
The cytoskeletal protein FN, a mesenchymal marker and a
target gene of NF-«B (Stanisavljevic et al., 2014) was signifi-
cantly inhibited by the activation of GPER in our study. NF-
kB has been identified as an important regulator of EMT in
cancer cells (Huber et al., 2004; Maier et al., 2010). For example,
TGF-B induced EMT of pancreatic carcinoma cells was depen-
dent on NF-«B signaling (Maier et al., 2010). The blocking NF-«B
activity led to a reversal of the mesenchymal phenotype
(Huber et al., 2004). Our present study provides the evidence
that GPER can inhibit the activities of NF-kB and suppress
the EMT and FN expression in TNBC cells.

The activation of GPER can modulate the activities of mul-
tiple downstream signals including PKA, PKC, MAPK and PI3K/
Akt (Prossnitz and Barton, 2011; Zucchetti et al., 2014). A study
suggested that GPCR can inactive NF-«B via Gas-mediated
elevation of cAMP, an activation of PKA, and an increased
phosphorylation of cAMP response element-binding protein
(CREB) (Ye, 2001). Our data revealed that an activation of
GPER led to a steady effect (more than 24 h) on the phosphor-
ylation of GSK-3B in TNBC cells. GSK-3B, which can be phos-
phorylated and then maintained an inactive state, can
negative control the activation of NF-kB and EMT (Kotliarova
et al.,, 2008). This is confirmed in our study that the use of spe-
cific inhibitor or siRNA of GSK-3B can mimic the action of G-1,
on the suppression of EMT in TNBC cells. The use of the inhib-
itors for ERK1/2 and PI3K/Akt, but not PKC, suppressed G-1-
induced phosphorylation of GSK-38. Furthermore, G-1 treat-
ment can increase the interaction of Akt and GSK-3p while
GSK-3B was inactivated by Akt and ERK1/2 through phosphor-
ylation on Ser 9 (Cohen and Frame, 2001; Ding et al., 2005). In
another study using ER-negative breast cancer cells, an inhibi-
tion of ERK1/2 was demonstrated to stimulate cell motility
(Bartucci et al., 2001). Collectively, our data revealed that the
phosphorylation of GSK-38 mediates, at least partially, the
process of G-1 suppressed NF-«B activities and FN expression.

Consistent to the in vitro studies, our in vivo data showed
that the activation of GPER pathway can inhibit the growth
and metastasis of TNBC cells. In MDA-MB-231 tumor xeno-
grafts, the activation of GPER led to the phosphorylation of
GSK-3B, the decreases in the activity of NF-kB and expression

detected by Western blot analysis (B) or qRT-PCR (C), respectively. (D) MDA-MB-231 cells were treated with 1 pM G-1 for 24 or 48 h, then

expression of FN and E-Cad (green) was analyzed by immunofluorescence staining. Nuclei were visualized with DAPI staining. (E) MDA-MB-231
cells were treated with 1 pM G-1 for the indicated times, and then protein levels of Snail, Slug, Twist, and ZEB1 were detected by Western blotting;
(F) MDA-MB-231 cells were treated with 1 pM G-1 for the indicated times, nuclear and cytoplasmic cellular fractions were isolated by differential

lysis. The levels of Snail and Slug in nuclear and cytoplasmic cellular fractions were detected by Western blot analysis. Data represented the average of

three independent experiments. *» < 0.05 compared with control, *p < 0.01 compared with control. Scale bar = 100 pm.
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level of FN. Clinical data analysis showed that GPER is nega-
tively associated with metastasis, high-grade tumor, poor
prognosis, and FN expression in 135 TNBC patients. To date
only a few reports elucidated the correlation between GPER
signaling and clinical prognosis of cancer patients. For
example, GPER expression was suggested as a marker to pre-
dict poor survival (Smith et al., 2009), was shown to have no
correlation with clinical outcome (Kolkova et al., 2012), or
was down-regulated during cancer tumorigenesis (Ignatov
et al., 2013a) of ovarian cancer patients. The clinical correla-
tion of GPER to cancer progression is elusive. In the case of
TNBC, there is a study indicating that high expression of
GPER is associated with young age and possibly disease
recurrence in 24 TNBC patients (Steiman et al., 2013). Howev-
er, GPER is reported to be associated with a longer recurrent-
free survival (RFS) in breast cancer patients (Ignatov et al.,
2011). Other studies reported that the cytoplasmic GPER

expression was significantly associated with lower tumor
stage in breast cancers (Samartzis et al.,, 2014). Others re-
ported a decrease of GPER expression was associated with
positive lymph node status, undifferentiated tumors, nega-
tive ER status, and poor patients’ overall survival (OS) and
disease-free survival (DFS) (Arias-Pulido et al., 2010; Ignatov
et al., 2013b). Therefore, the inconsistent observations among
these studies might be due to the use of different subtypes of
breast cancer samples and subcellular localization of GPER
(Pandey et al., 2009). In this study, our correlation analysis
supports the notion that GPER can act as a tumor suppressor
and might be a marker of favorable prognosis for TNBC
patients.

In conclusion, our present study reveals that the activation
of GPER can inhibit the EMT and metastasis of TNBC via NF-«xB
signaling. Although further studies are needed, our findings
are important for several reasons. We have shown that GPER
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Figure 6 — Activation of GPER inhibits the growth and metastasis of TNBC in vivo. (A) The tumor volumes of G-1 (n = 13) and control (n = 11) group
at the end of experiment; (B) The total and phosphorylated proteins related to the metastasis suppression effects of G-1 were determined by Western blot
analysis in the tumor lysates from the control and G-1 treated group; (C) The tumor tissue sections of control and G-1 group were subjected to IHC
detection of FN and E-Cad; (D) H&E examination of metastasis in lung tissue sections of the control and G-1 group. Scale bar = 100 pm.

activation suppresses EMT of TNBC, which provides a solid
mechanistic evidence for the inhibitory effects of GPER on
the progression of TNBC. We also present for the first time,
the down regulation of NF-kB activity through the phosphory-
lation of GSK-3p by PI3K/Akt and ERK1/2. Moreover, GPER acts

Figure 7 — A proposed model to illustrate the mechanisms of GPER
mediated EMT suppression of TNBC cells.

as a tumor suppressor and a marker of favorable prognosis for
TNBC patients. Taken together with our earlier reports that
link GPER with TNBC proliferation (Wei et al., 2014), the pre-
sent study not only suggests that GPER is a critical therapeutic
target in TNBC but also provides G-1 as a drug candidate for
TNBC metastasis.
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