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The G protein-coupled estrogen receptor (GPER) is a seven-transmembrane-domain

receptor that mediates non-genomic estrogen related signaling. After ligand activation,

GPER triggers multiple downstream pathways that exert diverse biological effects on the

regulation of cell growth, migration and programmed cell death in a variety of tissues.

A significant correlation between GPER and the progression of multiple cancers has

likewise been reported. Therefore, a better understanding of the role GPER plays in

cancer biology may lead to the identification of novel therapeutic targets, especially

among estrogen-related cancers. Here, we review cell signaling and detail the functions

of GPER in malignancies.

Keywords: G protein-coupled estrogen receptor, cancer, signaling pathway, estrogen, non-genomic estrogen

pathways

INTRODUCTION

Steroid hormones, such as estrogen, mediate important physiological effects via classical estrogen
receptors (ER, including ERα and ERβ) (1). Upon ligand binding and dimerization, these receptors
translocate into the nucleus and directly regulate specific target genes by binding estrogen
responsive elements (ERE). The structure and functions of ERs have been elucidated in detail (2).
Previous studies also reported that estrogens are involved in carcinogenesis via the regulation of
apoptosis, cell proliferation and the cell cycle (3, 4). Apart from classic ER-dependent genomic
regulation, a non-genomic pathway via which estrogen mediates cellular activities has been
discovered, in which estrogens bind the G protein-coupled estrogen receptor (GPER) and directly
trigger cellular signaling events.

GPER, also known as GPER1 or GPR30, was first discovered in 1996 in breast cancer tissue (5).
Its cDNA sequence was cloned by Takada et al. in 1997 via differential cDNA library analysis of
the human breast adenocarcinoma cell lines MCF7 and MDA-MB-231 (6, 7). The human GPER
gene is located on chromosome 7 and contains an open reading frame with 1,128 bp that encodes
a 375-amino acid receptor (5, 8). Expression of this receptor is significantly stronger in triple-
negative MDA-MB-231 cells when compared to ER-positive MCF7 cells. In addition, GPER is
strongly expressed in triple-negative breast cancer (TNBC) cells, including MB-468 and MDA-
MB-436 (9). Thus, GPER likely plays a significant role in cancer biology via an ER-independent
pathway. As this receptor is a member of the G protein-coupled receptor (GPCR) family and
was discovered in breast cancer tissue, it was initially termed GPCR-Br. Shortly afterward, this
receptor was considered to be an orphan receptor and was renamed GPR30. Since follow-up
studies confirmed that this receptor is highly specific to E2 as well as related analogs (10) and
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mediates rapid non-genomic estrogen effects (7, 11, 12), the
receptor has become more widely known as GPER.

GPER is expressed in a variety of tissues including the
nervous, reproductive, digestive, and muscle apparatus (13).
The expression of GPER was understood to be limited to the
cell surface until recently; however, a number of studies have
suggested that the binding domain of this receptor is also
expressed on the endoplasmic reticulum (12, 14). In addition,
GPER expression is independent to that of ERs. A GPER-
lacZ reporter mouse revealed expression of GPER in gastric
chief, small arterial endothelial and smooth muscle cells (15).
Expression has also been reported in cerebral pericytes as well as
cells of the cortex and dentate gyri, anterior pituitary and adrenal
medulla (15).

Regarding the cellular localization of GPER, there is still under
debate about the localization of GPER. Since it was classified as a
member of GPCRs, discussion of the locations for this receptor
is focused on the plasma membrane and early reports considered
GPER with a cell membrane expression (16). However, more and
more evidence revealed that the subcellular localization of GPER
with endoplasmic reticulum and having the major functions
intracellularly (17, 18). But the traffic for GPER to shift its
location during the ligand-induced response from endoplasmic
reticulum to plasma membrane or transportation inversely could
not be neglected as this may indicate the GPER function in a cell-
dependentmanner.Meanwhile, the existence of estradiol binding
entities both in the plasma membrane and the endoplasmic
reticulum also support the intracellular function of GPER (19).
Researchers also observed E2 could trigger the ion transportation
and protein kinase activation without new protein production
(20). This phenomenon was not explained until the discovery of
ER isoforms and GPER in the endoplasmic reticulum. Those new
understanding of ER-related signals suggested estradiol could
also cause non-classical signals from the receptors located on the
endoplasmic reticulum.

GPER AGONISM AND ANTAGONISM

The endogenous steroid hormone 17β-estradiol (E2) is a
predominant ligand of GPER (21). Other 17β-estradiol-based
steroids, such as estriol (E3), E3-sulfate (estriol-3-sulfate and
estriol-17-sulfate), and estrone also interact with GPER (22). In
contrast to the effects of these steroids on the ER, estrone and
E3 serve as GPER antagonists (23). In addition, phytoestrogens
(e.g., flavones, isoflavones, lignans, coumestans, saponins, and
stilbenes) as well as synthetic estrogenic compounds within
pesticides, herbicides and some plastic monomers (including
bisphenols, alkylphenols, methoxychlor, polychlorinated
biphenyls, and dioxins) also activate GPER (24, 25). Although
such xenoestrogens are more potent in activating ERα and ERβ

(26), some research suggests that the two major phytoestrogens,
genistein and quercetin, also stimulate c-fos expression via an
ER-independent manner (i.e., GPER) in ERβ-positive MCF7 and
ERα-negative SKBR3 breast cancer cells (27).

A number of small molecules have been identified as agonists
or antagonists specific to GPER and were not noted to interact

with ERs. The GPER-selective agonist G-1 was identified in 2006
by Bologa et al. and was reported to exert no significant effects on
other GPCRs or ERs (28, 29). Effects of G-1 in GPER knockout
models were negligible (30), suggesting that G-1 is a specific
agonist of GPER. In a mouse model of ischemia-reperfusion
injury, G-1 significantly improved intestinalmucosal damage and
alleviated neutrophil infiltration (31). Interestingly, an increase
of E2 and G1 sensitivity in tamoxifen-resistant MCF-7 cells
has been reported (32). Such findings indicate that blockage or
desensitization of the ER pathway enhances the GPER response.

The selective antagonist G-15, identified in 2009, affects
mouse uterine function in vivo. The E2-induced proliferation
of uterine epithelia was reduced by ∼50% after treatment with
G-15 (33). Meso-octamethylcalix-[4]-pyrrole (C4PY), a GPER
antagonist, was found to inhibit E2 and G-1 mediated c-fos
activation and EGR1 promoter activities in SKBR3 breast cancer
cells as well as cancer-associated fibroblasts (CAFs) (34). Another
GPER antagonist, G-36, was synthesized by Dennis et al. in 2011.
As G-36 was found to exhibit lower off-target activity and weaker
cross-reactivity with ERα as compared to G-15, it has become
widely used in the study of GPER (35). In addition, tamoxifen has
been reported to act as a GPER agonist in SKBR3 cells (36, 37).
ICI182,780 (fulvestrant), an ER antagonist (38), was likewise
reported to be a GPER agonist (11).

The affinity of different agonists and antagonist to GPER
have huge variations. For the well-known agonists G-1, it
has Ki approximately 10 nM with GPER which is similar to
E2 (Ki ∼6 nM). G-1 has no binding toward either ERα or
ERβ until concentrations more than 10µM (33). Another
agonist, ICI 182,780 (fulvestrant) with a binding affinity of
30–50 nM to GPER (39). For the xenoestrogens, BPA and
dichlorodiphenyltrichloroethane (DDT) have relatively lower
affinity to GPER, the affinity of BPA is about 0.6mM. For
DDT, depend on the isomer structure the affinity ranged from
2.8 to 10mM (40). For antagonist G15, it has a 0.5-fold
better binding compared with G-1, and 1,000-fold selectivity
against for ERα and ERβ (33). Estriol (E3) also has a potential
antagonist effect with GPER in SkBr3 cells and the cell
proliferation induced by 100 nM G-1 can be abolished by
1µM E3 (41). A radiolabeled synthetic antagonist, iodinated
tetrahydroquinolines, demonstrated a selective binding with
GPER at 20 nM range in human endometrial cancer Hec50 cells,
which cell did not express ERs (42). Nayak et al. also found that
the GPER binding affinity of 113In-G-DOTA is around 34 nM
which is comparable to the similar G-1 (∼11 nM) and G15
(∼20 nM) by the 111In-labeled non-steroidal imaging receptor
binding affinity assay Hec50 cells (43).

SIGNALING PATHWAYS OF GPER

G Protein-Dependent Pathway
As a classical GPCR, GPER was found to participate in G
protein-dependent cell signaling. GPER activates the subunit of
Gα, and subsequently adenylate cyclase (AC), to increase cAMP
production that in turn leads to the activation of protein kinase A
(PKA) and deactivation of raf-1 (39, 44). However, the increase
in cAMP accumulation also inhibits the production of matrix
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metalloproteinases (MMPs). Interestingly, prior research has
reported massive G-1 induced tumor necrosis in prostate cancer,
but aggravation of breast cancer progression (45, 46). Such
contrasting effects underscore the bilateral role played by GPER
in cancer biology. Estrogen-activated GPER was additionally
found to activate the α5β1 integrin in a Gβγ-dependent pathway.
Activation of α5β1, in turn, was reported to subsequently
induce fibronectin matrix assembly and the release of growth
factors in SKBR3 breast cancer cells (47). Activation of GPER
also stimulates intracellular calcium mobilization, indicating
that GPER activates the Gαq pathway. Such GPER-mediated
calcium mobilization is completely blocked by the epidermal
growth factor receptor (EGFR) inhibitor AG1478, but not by
the PLC inhibitor U73122. These findings indicate that calcium
mobilization is mediated by the transactivation of EGFR rather
than the activation of the classical Gαq pathway (7).

Transactivation of EGFR
As mentioned above, GPER transactivates EGFR, stimulating the
associated downstream signaling pathway (10). Transactivation
occurs via an EGFR ligand-dependent pathway; GPER increases
MMP expression, thus stimulating the release of membrane-
anchored EGFR ligands. In this pathway, the activation of GPER
dissociates the G-βγ complex and activates the downstream
Src-related tyrosine kinase family as well as phosphorylation
of the Shc adapter protein, enhancing MMP expression. These
events, in turn, cause the release of heparin-binding epidermal
growth factor (HB-EGF) due to proteinase activity (46). The
released EGF ligands subsequently activate EGFR and initiate
the mitogen-activated protein kinase (MAPK)/phosphoinositide
3-kinase (PI3K) pathway (21), as well as the Akt pathway
(48). Activation of EGFR also triggers the downstream Src
kinase family to phosphorylate Raf, which in turn stimulates
extracellular signal-regulated kinase (ERK) phosphorylation, and
activation of a number of transcription factors including, c-Myc,
c-fos, and c-jun (49).

HIF Induced Pathway
Hypoxia-inducible factor (HIF) is closely related to GPER in
cancer cells. Under hypoxia, activation of the HIF pathway
also activates downstream GPER signals and protects cells from
apoptosis (50). The HIF/GPER pathway was also found to
upregulate vascular endothelial growth factor (VEGF) expression
in CAFs (51). As the human GPER promoter contains several
HRE consensus motifs, GPER expression can, therefore, be
directly upregulated in the setting of hypoxia.Mimicry of hypoxic
conditions utilizing CoCl2 was reported to upregulate GPER
expression in ER-negative breast cancer cells via the HIF-1α
dependent pathway (50). In addition, GPERwas found to interact
with HIF-1α to enhance CTGF, VEGF, and IL-6 expression in
breast cancer cells and CAF (51, 52). Interestingly, HIF dimers
were found to form a heterocomplex with GPER and bind
hypoxia-responsive elements (HREs) under hypoxic conditions
(53). Chromatin immunoprecipitation (ChIP) assay confirmed
that HIF and GPER are recruited to the VEGF promoter (51).

These findings suggest that GPER plays critical roles in hypoxia-
related vasculogenesis and directly regulates gene expression by
forming heterocomplexes with HIF.

Notch Signal Pathway
Notch signaling is vital in cell-cell interactions; it plays an
important role in the epithelial-mesenchymal transition (EMT)
as well as the mediation of cancer cell and CAF responses to the
microenvironment (54–56). As the ERα pathway is suppressed
in the setting of hypoxia, GPER likely plays a more significant
important role in the mediation of estrogen responses in such
a setting. Both E2 and G-1 recruit the intracellular Notch-1
(N1ICD) domain to the Hes-1 promoter, activating reporter
gene and Snail expression in SkBr3 cells (55). The migratory
ability of SkBr3 cells thus becomes enhanced. Since this effect
can be suppressed by a γ-secretase inhibitor (GSI) or dominant-
negative-MAML-1, both Notch activation and Notch-dependent
transcriptions are involved in mediating such E2 and G-1
enhanced cell migration. In addition, as G-1 can prevent the
expression of vascular endothelial cadherin, GPER likely plays an
important role in cancer metastasis.

Insulin-Like Growth Factor Receptor
(IGFR) Pathway
Interaction between IGF-I and the estrogen pathway is well-
known to enhance cell proliferation and suppress apoptosis
(57). Recent findings suggest that such cross-talk is not only
limited to the classical nuclear receptor pathway, but also involves
GPER. In MCF-7 breast cancer cells, insulin-like growth factor-
1 (IGF-1) activates the GPER promoter and increases the GPER
transcription through the IGF-IR/PKCδ/ERK pathway (58).
Interestingly, IGF-1-mediated cell migration and proliferation of
MCF-7 and endometrial (Ishikawa) cancer cells require GPER
expression. Study of mesothelioma and lung cancer cells has
also suggested that the collagen receptor discoidin domain
1 (DDR1)-mediated upregulation of connective tissue growth
factor (CTGF) and early growth response 1 (EGR1) upon IGF-I
stimulation requires both IGF-IR and GPER (59).

NF-κB Pathway
Chemokine ligands are usually considered to be inflammatory
factors, and research has suggested that the CXC motif
chemokines are involved in GPER function. Luciferase reporter
assay evaluating the NF-κB reporter found that GPER suppresses
TNFα-mediated NF-κB promoter activity in a dose-dependent
manner. In SKBR3 cells, G-1 was found to significantly inhibit
the expression of interleukin-6 (IL-6); however, this could be
reversed by NF-κB inhibition. The effect of GPER on IL-6
expression is thus dependent on NF-κB (60). A similar NF-κB-
dependent pathway was identified in cadmium-induced thyroid
cancer, in which GPER was found to upregulate cyclin A and D1,
as well as secretion of IL-8 (61). In that pathway, the activation
of GPER by cadmium, E2 or G1 was found to trigger NF-
κB translocation via the ERK and Akt cascades and cause cell
proliferation, invasion and migration of thyroid cancer cells (61).
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Hippo/YAP Pathway
Genes involved in the Yes-associated protein 1 (YAP)/PDZ-
binding domain (TAZ) pathway, including cysteine-rich
angiogenic inducer 61 (CYR61), endothelin 1 (EDN1), CTGF,
and EGR1 were found to be regulated by GPER (62, 63). These
findings shed new light concerning the role of GPER in the
Hippo pathway and in the control of cancer cell proliferation.
Activation of GPER was found to induce phosphorylation of
YAP/TAZ via Gαq-11, PLCβ/PKC, and Rho/ROCK, enhancing
the proliferation andmigration of breast cancer cells. In addition,
GPER and TAZ expression in invasive ductal carcinoma (IDC)
are positively correlated; high expression of GPER may
contribute to IDC initiation via the YAP/TAZ pathway. The
Hippo pathway, therefore, is one of the key downstream GPER
signaling pathways that regulate physiological function in breast
tumorigenesis (64). In pancreatic cancer, the activation of GPER
by tamoxifen alters the tumor microenvironment by Rho-A
mediated YAP deactivation (65). This pathway allows tamoxifen
to suppress myofibroblastic differentiation of pancreatic stellate
cells (PSCs) and, in turn, promote cancer cell invasiveness.

Cross-Talk With Other Receptors
The mineralocorticoid receptor (MR), also known as the
aldosterone receptor was suggested to have cross-talk with GPER
and affects the aldosterone function (66). Aldosterone, as an
important therapeutic target of cardiovascular diseases, could
partially be activated byMR-GPER cross-talk and triggers certain
non-classical and non-genomic functions for the myocardium
(67). In vivo experiment also suggested the inhibition of
GPER could suppress murine renal cortical adenocarcinoma
cell pulmonary metastatic cancer spread. This provided solid
evidence that MR-aldosterone function on promoting renal
cancer spread could be influenced by GPER. However, the
detailed molecular mechanism about the MR-GPER cross-talk is
still largely unknown (68).

More than the above-mentioned estrogen and MR pathways,
the rapid non-genomic pathway related to other sex-related
steroids (such as androgens and progestins) are also observed
in regulating multiple biological processes. Those exciting results
further extended our board knowledge into the hormonal therapy
for the cancers. However, the complex regulatory networks also
reflected by the controversial phenotypes in different cancers
(69). As Migliaccio et al. pointed out, the major problem is
due to the lack of any model with “ONLY” non-genomic
receptor actions. Also, the role of the rapid pathways in
hormonal therapy resistance and the potential cross-talk between
estrogen and those steroid receptors are still waiting for intensive
investigations (70).

THE ROLE OF GPER IN CANCER CELLS

Since the discovery of GPER in breast cancer, its role in
malignancies has been of great interest. As estrogen is deeply
involved in cancer progression and metastasis, non-genomic
estrogen effects exerted by GPER has become an interesting
topic of study, aiming to further detail ER-negative cancer

cell properties. Below, we discuss the roles GPER plays in
various cancers.

Breast Cancer
The involvement of GPER in breast cancer progression and
metastasis was reported in many publications. In the majority
of breast cancer cells, GPER is highly expressed when compared
with normal tissues (71). More importantly, high GPER
expression has been found to strongly correlate with a poor
prognosis (72). In ER-positive breast tumors, the most common
pathologic subtype, GPER expression was found to correlate
with shorter overall patient survival time (73). In the ER-
positive MCF-7 cancer cell line, GPER agonists were found to
induce the ERK1/2 pathway (74). Ahola et al. suggested that
overexpression of GPER enhances tamoxifen-induced cancer
apoptosis via the PI3K/MAPK/STAT pathway (75). Interestingly,
tamoxifen was found to stimulate the mRNA expression of
GPER, which in turn transactivates the EGFR signaling pathway
(7). The SKBR3 (GPER and HER2 positive, ER-negative) cell line
is widely used to study the effects of GPER (76). As discussed
above, EGFR transactivation by GPER occurs by the ligand-
dependent pathway, thereby promoting SKBR3 cell proliferation
(39). Because EGF also upregulates GPER expression, this
positive feedback loop is thus a critical mechanism for tamoxifen
resistance (77). Moreover, bisphenol A hexafluoride (BPAF),
previously described to be representative of environmental
endocrine disruptors, has also been reported to expedite the
initial rate of cell proliferation and migration (78). Although
BPAF-mediated gene transcription can be inhibited by GPER
knockdown in the ER-positive T47D breast cancer cell line (79),
themechanisms of how tamoxifen improves breast cancer patient
outcomes remain unclear. Further investigations are required
to detail the interrelationship between GPER and ER in breast
cancer cell apoptosis.

In breast cancer cell lines, MDA-MB 231 and SUM159,
the interaction between the focal adhesion kinase (FAK) and
GPER was found to take a major function in cancer cell
migration, adhesion and invasion (80). Bioinformatics analysis
from The Cancer Genome Atlas (TCGA) also suggested a higher
PTK2 gene level (gene encoding FAK) was found in TNBC
samples. Further investigations revealed that estrogens through
GPER triggered Y397-FAK phosphorylation and increased
focal adhesion points. Inhibition of FAK suppresses the
estrogens/GPER mediated cell migration in MDA-MB 231
and SUM159 cells. The activation of FAK is through the
GPER/c-Src/MEK transduction pathway. Xenoestrogens, BPA
also activates FAK via GPER pathway in MDA-MB-231 cells
(81). Moreover, in TNBC cells, the GPER-FAK transduction
pathway is considered in more comprehensive targeted therapies
and validated.

Interestingly, another recently published research highlighted
that androgens binding with classical AR has almost the same
effect of GPER in Src/PI3K/FAK pathway to enhance the cancer
cell invasive probabilities in TNBC cells (82). This phenomenon
strongly implied other sex steroids had shared the pathways in
extranuclear rapid non-genomic signaling networks as ER and
PR levels are almost undetectable in TNBC cells.
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Due to ER and HER2 deficiency, TNBC treatment still
relies on cytotoxic chemotherapy, including poly ADP-ribose
polymerase (PARP) inhibition, angiogenesis, and EGFR (83).
Although patients with TNBC respond well to such therapies,
they suffer higher risks of relapse and worse disease progression
after chemotherapy to the TNBCs (84). Since TNBC tumors
exhibit high levels of GPER (85), their resistance to classic
hormonal therapy is likely closely linked to this receptor (86).
Upon GPER knockdown, TNBC cell proliferation also slowed
due to reduced EGFR and c-fos activation (87). Hence, GPER is a
potential novel therapeutic target in the treatment of TNBC.

Interaction between Na+/H+ exchanger regulatory
factor 1 (NHERF1) and GPER have been demonstrated in
MDA-MB-231 cells by co-immunoprecipitation and co-
immunofluorescence staining. Overexpression of NHERF1
inhibits the phosphorylation of ERK1/2 and Akt via the GPER
related pathway and finally inhibits triple-negative breast cancer
cell proliferation (88). Study of GPER knockout mice has
suggested that although GPER does not influence breast cancer
tumorigenesis, it is likely involved in cell differentiation and
migration. No differences between knockout and wild type mice
were noted in regard to tumorigenesis. However, tumors in
knockout models were smaller in size and less proliferative than
in wild-type controls (89). Moreover, GPER was also found to
affect the breast tumor microenvironment. Juan et al. suggested
that activation of GPER increases CAF cell proliferation under
hypoxic conditions (52). GPER was reported to upregulate IL-6,
VEGF and CTGF expression in CAF. Indeed, GPER levels were
proposed to be a marker of breast cancer aggressiveness (90), but
further investigation including in vivo study and clinical analysis
is required to confirm this hypothesis.

Ovarian Cancer
Satoe Fujiwara et al. reported that high expression of GPER is
associated with a poor outcome in ovarian cancer patients; GPER
was found to enhance the phosphorylation of Akt via EGFR
transactivation, subsequently enhancing ovarian cancer cell
proliferation (48). A similar study by Heublein et al. investigated
follicle stimulating hormone receptor- (FSHR) and luteinizing
hormone receptor- (LHCGR) negative epithelial ovarian cancer
patients. In those patients, lower GPER expression was found to
be positively associated with overall survival time (91). Ignatov
et al. controversially reported that high GPER expression was a
positive factor influencing 2-year disease-free survival in ovarian
cancer patients. That in vitro study suggested that GPER is
responsible for a significant increase in cellular apoptosis and cell
cycle arrest in SKOV-3 and OVCAR-3 cells (92). Another study
that investigated IGROV-1 and SKOV-3 cell lines also reported
that G-1 suppresses cellular proliferation and induces apoptosis
by targeting tubulin (93).

Cervical Cancer
The role of estrogen in the pathogenesis of cervical cancer has
been widely studied. Using human papillomavirus-transgenic
mice, Brake and Lambert demonstrated how important estrogen
is in the development and malignant progression of cervical
cancer (94). Low levels of GPER were found to improve overall

and recurrence-free survival in the early stage of cervical cancer
(95). In addition to the classical ERK1/2 pathway, G-1 was
found to downregulate cyclin B in a time-dependent manner in
Hela and SiHa cells (96). Di-(2-ethylhexyl) phthalate (DEHP),
an environmental xenoestrogen, was also found to trigger
the proliferation of cervical cancer cells via activation of the
GPER/Akt signaling pathway. The GPER antagonist G-15 was
further confirmed to reverse DEHP-induced phosphorylation of
Akt in HeLa cells (97).

Endometrial Cancer
In developed countries, endometrial cancer is one of the most
common gynecological tumors and its incidence has increased in
recent years (98). The siRNA knockdown of GPER was found to
impair cancer invasion and tumorigenesis in RL95-2 cells (99).
These findings underscore the role of GPER in cell proliferation
and invasiveness of endometrial cancer. In the endometrial
cancer cell line KLE (estrogen receptor negative), G-1 was found
to be capable of activating theMAPK/ERK pathway and inducing
IL-6 secretion (100). Clinical data also suggested high GPER
expression to be associated with lower overall survival. The
correlation of GPER is stronger than with classical markers, such
as ER and EGFR. However, other markers are not significantly
related to the overall survival of endometrial cancer patients in
the early stage (stage I/II) of this condition (101).

Prostate Cancer
The function of GPER is not only limited to gynecological
cancers; several studies have evaluated the role of this receptor
in cancers of the male reproductive system. Graeme Williams
et al. reported that modulation of aromatase levels by GPER
regulates testosterone and estrogen balance (102). Moreover,
G-1 was found to inhibit growth of BPH-1, an immortalized
benign prostatic epithelial cell line. Antagonism and knockdown
of GPER were both found to inhibit GPER-mediated ERK1/2
activation in prostate cancer cells (103). In addition, benign
prostate epithelial cells were noted to possess strong GPER
immunoreactivity, indicating that GPER expression is inversely
correlated to the degree of neoplastic cell differentiation (104).

High level of GPER was also found in early-stage human
prostate stem-progenitor cells indicating GPER as a pathogenesis
gene for prostate cancer (105). In addition, BPA could trigger the
rapid phosphorylation of p-Akt and p-Erk through GPER to keep
the stem-progenitor prostate cells self-renewal and stem cell-like
properties in a dose-dependent manner and indicate the prostate
cancer risk may increase once exposure to BPA during the
development (106). However, Chan et al. work’s suggested GPER
is a tumor suppressor. Based on G-1 activation, GPER strongly
suppressed PC-3 cell proliferation in both in vitro and in vivo
assays. The cells arrested at the G2 phase and phosphorylation
of G2-checkpoint regulators NF-YA were also observed after
activation (107). In LNCaP xenografts model, their G-1 mediated
GPER activation could suppress tumor formation in both the
androgen-sensitive (AS) and the castration-resistant (CR) stage.
However, the effect was not significant if the animal was in high
testosterone status (108). This result also indicates the potential
cross-talk between the androgen receptor and GPER.
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Thyroid Cancer
The large gender difference in thyroid cancer incidence rates
underscores that estrogen and related pathways are involved in
its tumorigenesis (109). Ping et al. studied cadmium-induced
thyroid cancer in WRO and FRO cell lines (61). Results
suggested that GPER enhances the response to cadmium,

greatly influencing cellular proliferation and migration via
activation of the ERK, NF-κB, and Akt pathways. Another
study concerning thyroid papillary cancer evaluating BHP10-
3 cells also reported that the GPER antagonists ICI 182,780
(fulvestrant) and G-15 significantly suppressed thyroid cancer
progression (110).

TABLE 1 | Structure and functions of GPER agonists and antagonists.

Name Structure IC50/EC50 and functions References

AGONIST

G-1 Anti-proliferative activities:

0.54 (SK-BR-3)

39.92 (MCF-7)

(107)

IC182,780 (Fulvestrant) Direct killing cancer cells

35 µCi (MCF-7 cell xenografts)

(122)

5408-0877 Relaxation of carotid arteries in

Sprague-Dawley rats IC50 value = 10µM

(123)

ANTAGONIST

G-15 dose-dependent cytotoxicity

IC50 value 11.2µM for SCC4,

15.6µM for SCC9, 7.8µM for HSC-3

(124)

G-36 G15 abolished the proliferative effects at

IC50 = 112 nM

(125)

C4PY

(meso-(p-acetamidophenyl)-

calix[4]pyrrole)

cytotoxicity

EC50 < 5µM when tested on A549 and

H727 cell lines

(126)
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Lung Cancer
Estrogen and its receptors have been proposed to serve major
roles in the progression and metastasis of lung cancer. Their
functions are indeed deeply involved with EGFR interactions
(111). Avino et al. clarified the interaction between IGF-1,
DDR1 and GPER. DDR1 and GPER are both crucial to IGF-
1-stimulated chemotactic motility in mesothelioma and lung
cancer cells; this function is dependent on the formation of IGF-
1-DDR1-GPER complexes (59). In addition, cytoplasmic GPER
expression was found to correlate to more advanced cancer stages
(IIIA–IV), lymph node metastasis, and poor differentiation in
non-small cell lung cancers (112). Furthermore, G-1 was reported
to induce malignant cell proliferation, invasion, and migration in
primary cultured cancer cells.

Other Cancers
Due to the ubiquitous expression of GPER, it is highly likely
that this receptor is involved in a variety of malignancies. A
study investigating adrenocortical carcinoma found that GPER
agonism exerts an inhibitory effect on H295R cell growth
(113). The function of GPER in adrenocortical carcinoma
has been proposed to involve mitochondria-related signaling,
in which GPER, via the EGR-1 pathway, positively regulates
the mitochondrial apoptotic pathway via B-cell lymphoma-2-
Associated X (BAX) thereby inhibiting tumor growth (114). In
bladder cancers, GPER was reported to counteract E2-stimulated
cell proliferation in T24 carcinoma cells (115).

In summary, the above data from cancer cell lines suggested
the potential correlation the GPER in cancer progression and
metastasis. However, as mentioned in breast cancer study, there
is no significant difference in breast cancer tumorigenesis in

GPER knock-out mice when compared to wild-type animals
(116). This makes the conclusion still under debate. Even the role
of GPER may be involved in cell proliferation, cell migration,
or tumor microenvironment, but there is a lack of in vivo
data and molecular mechanism of those effects. Therefore, more
researches by using different cancer animal models and further
analysis of patient samples are required to validate the role of
GPER in cancers.

Perspective
As hormonal therapy is widely used in the management of a
variety of cancers, the roles GPER plays in malignancies warrants
continued study. GPER indeed plays an important role in
cancers of both male and female reproductive systems. Although
tamoxifen and fulvestrant are widely used ER antagonists in
hormonal therapy, their response rates among breast cancer
patients remain relatively low, even in ER-positive patients
(117). As both tamoxifen and fulvestrant are GPER agonists, the
activation of this receptor and its downstream signaling pathway
likely facilitates drug resistance among ER-positive patients that
express high levels of GPER.

When we discuss the role of GPER, we should also aware
of the potential role of membrane ERs in cell signaling.
There is increasing evidence suggested the important role of
plasma membrane ERs in triggering the membrane-initiated
steroid signaling (MISS) that regulating multiple physiological
events. The membrane localization of ERα is depended on
the palmitoylation at C451 (C447 in humans) (116). Thus, the
palmitoylation-loss ERα transgenic mice (C451A-ERa, also called
nuclear-only ERα, NOER) served as the key animal model and
provided solid evidence in studying the role of MISS. The loss

FIGURE 1 | GPER signaling pathways in cancer cells. This diagram summarizes the signaling events discussed in this article. GPER mediated the non-genomic effect

of E2 and active the G-protein dependent signaling, including the cAMP, Ca2+, Akt, and YAP/TAZ pathways. GPER could also trigger the ligand-dependent

transactivation of receptor tyrosine kinase, such as EGFR. Previous reports also suggest GPER could affect the Notch signaling and hypoxia stimulated HIF pathway.
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of membrane localization caused the C451-ERα female mice
suffering serious abnormality in ovaries and infertility. This
mutation also impaired the E2-dependent vascular function,
including vasodilation and endothelial repair (118). A similar
conclusion was found in another research: infertility, abnormal
ovaries, hypoplastic uteri, and impairer mammary gland ductal
development were identified in the transgenic mice with the
same mutant (C451A) (119). In males, significant reduction
of epididymal sperm motility and abnormalities of sperm was
observed in C451-ERα mice (120). But it is interesting to note
that in Adlanmerini et al. study, the effect of E2 on uterus,
endometrial epithelial proliferation, was unaffected in C451-
ERα mice. This indicates the membrane signaling of estrogen
is tissue-dependent (118). Indeed, the study of membrane
ERα in other estrogen responsive tissues suggested this tissue-
dependent MISS effect, for example, estrogen response to
trabecular bone mass is strongly dependent on MISS, while
the liver weight and total body fat mass only slightly affect in
C451-ERa mice. MISS also involved in cancer cell proliferation.
In which the MISS of ERα mediate the proliferative effects,
while ERβ could trigger the anti-proliferative effects of E2 (121).
Therefore, GPER is functioning as a parallel or alternative
pathway of E2. Depends on cell types, it could be a dominant
pathway in ERs negative cells. Even this review is focused on
GPER, the role of ERs MISS, other steroid receptors and their
potential cross-talk with GPER should be considered and further
investigation is required to verify this important concept in
estrogen research.

Now, we understand that when GPER combined with the
classic ER at the cellular level, it may act either in synergistically
or antagonize with each other, with the ultimate cellular output
being dependent on the integration of all the stimulated and
inhibited pathways. However, we should consider more possible
aspects that GPER also participates in canonical and non-
canonical GPCR transduction pathways, which may work as
alternative signaling in cells without expressing both androgen
receptor and ERs. Such examples could be found mainly in
triple-negative breast cancer or after-treat prostate cancer. As
androgen is known to reduce GPER expression by androgen
receptor, the AR knock-out may further enhance the GPER
mediated signals. Although the detailed replacing signaling has
not been clearly demonstrated, the promising role for GPER as
a therapeutic target has already emerged. Therefore, despite the

accumulating findings, detailed GPER functions are still quite
opaque. First of all, it is notable that in currently accepted models
are quite difficult to completely eliminate the ER effect with
GPER. Secondly, the complex cross-talk between GPER and the
non-genomic actions of other sex-steroid also lead to inconsistent
results between publications. Last but not least, the involvement
of other sex-related steroids alsomakes the situation complicated.
But based on the advance of technologies, such as the new
genome-editing method and the development of highly selective
and affinity agonist and antagonist for GPER, the investigation of
GPER could be intensively studied to unify the rapid hormonal
response between GPER and other steroid receptors.

A number of studies have reported that GPER mediates
multiple signaling pathways. Those molecular pathways are
summarized in Table 1 and Figure 1. Within those pathways,
the activation of ERK1/2 is undoubtedly the pathway most
consistent across cell types. Activation of the ERK1/2 pathway
has likewise been suggested to be the key factor in cancer
prognosis (107). Thus, ER-targeting drug resistance likely occurs
due to GPER pathway activation. Therefore, GPER modulation
is a potential novel strategy in cancer therapy. Of them, G-
15 and G-36 are widely used in cancer study, but there
remains a lack of solid clinical evidence supporting their
specificity. Apart from small molecule inhibitors, siRNA are
also potential options for gene-specific inhibition. However,
delivery remains the major limitation of siRNA drug application.
Recent advances in nanotechnology, however, have improved our
understanding concerning the use of nanoparticles as novel non-
viral delivery methods. Both in vitro mechanistic studies and
in vivo therapeutic validation have been reported. Hence, direct
regulation of GPER expression by nanotechnology offers a novel
and efficient tool for anticancer therapy and warrants further
investigative efforts.

AUTHOR CONTRIBUTIONS

All authors listed have made a substantial and direct input in
preparing this manuscript, and approved it for publication.

FUNDING

LL was supported by FDCT grant, Macao (FDCT134/2016/A3)
and MYRG2018-00161-FHS.

REFERENCES

1. Cleve A, Fritzemeier KH, Haendler B, Heinrich N, Moller C,

Schwede W, et al. Pharmacology and clinical use of sex steroid

hormone receptor modulators. Handbook Exp Pharmacol. (2012)

214:543–87. doi: 10.1007/978-3-642-30726-3_24

2. Jia M, Dahlman-Wright K, Gustafsson JA. Estrogen receptor alpha and

beta in health and disease. Best Pract Res Clin Endocrinol Metab. (2015)

29:557–68. doi: 10.1016/j.beem.2015.04.008

3. Paterni I, Granchi C, Katzenellenbogen JA, Minutolo F. Estrogen receptors

alpha (ERα) and beta (ERβ): subtype-selective ligands and clinical potential.

Steroids. (2014) 90:13–29. doi: 10.1016/j.steroids.2014.06.012

4. Prossnitz ER, Barton M. Estrogen biology: new insights

into GPER function and clinical opportunities. Mol Cell

Endocrinol. (2014) 389:71–83. doi: 10.1016/j.mce.2014.

02.002

5. Carmeci C, Thompson DA, Ring HZ, Francke U,Weigel RJ. Identification

of a gene (GPR30) with homology to the G-protein-coupled receptor

superfamily associated with estrogen receptor expression in breast cancer.

Genomics. (1997) 45:607–17. doi: 10.1006/geno.1997.4972

6. Takada Y, Kato C, Kondo S, Korenaga R, Ando J. Cloning of cDNAs

encoding G protein-coupled receptor expressed in human endothelial cells

exposed to fluid shear stress. Biochem Biophys Res Commun. (1997) 240:737–

41. doi: 10.1006/bbrc.1997.7734

7. Revankar CM, Cimino DF, Sklar LA, Arterburn JB, Prossnitz ER.

A transmembrane intracellular estrogen receptor mediates rapid

cell signaling. Science. (2005) 307:1625–30. doi: 10.1126/science.11

06943

Frontiers in Endocrinology | www.frontiersin.org 8 October 2019 | Volume 10 | Article 725

https://doi.org/10.1007/978-3-642-30726-3_24
https://doi.org/10.1016/j.beem.2015.04.008
https://doi.org/10.1016/j.steroids.2014.06.012
https://doi.org/10.1016/j.mce.2014.02.002
https://doi.org/10.1006/geno.1997.4972
https://doi.org/10.1006/bbrc.1997.7734
https://doi.org/10.1126/science.1106943
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org
https://www.frontiersin.org/journals/endocrinology#articles


Xu et al. GPER and Its Signaling Pathway in Cancer

8. O’Dowd BF, Nguyen T, Marchese A, Cheng R, Lynch KR, Heng HH,

et al. Discovery of three novel G-protein-coupled receptor genes. Genomics.

(1998) 47:310–3. doi: 10.1006/geno.1998.5095

9. Yu T, Liu M, Luo H, Wu C, Tang X, Tang S, et al. GPER mediates

enhanced cell viability and motility via non-genomic signaling induced

by 17β-estradiol in triple-negative breast cancer cells. J Steroid

Biochem Mol Biol. (2014) 143:392–403. doi: 10.1016/j.jsbmb.2014.

05.003

10. Filardo EJ, Quinn JA, Bland KI, Frackelton AR Jr. Estrogen-induced

activation of Erk-1 and Erk-2 requires the G protein-coupled receptor

homolog, GPR30, and occurs via trans-activation of the epidermal growth

factor receptor through release of HB-EGF.Mol Endocrinol (Baltimore, Md.).

(2000) 14:1649–60. doi: 10.1210/mend.14.10.0532

11. Filardo EJ, Quinn JA, Frackelton AR Jr, Bland KI. Estrogen action via

the G protein-coupled receptor, GPR30: stimulation of adenylyl cyclase

and cAMP-mediated attenuation of the epidermal growth factor receptor-

to-MAPK signaling axis. Mol Endocrinol (Baltimore, Md.). (2002) 16:70–

84. doi: 10.1210/mend.16.1.0758

12. Filardo E, Quinn J, Pang Y, Graeber C, Shaw S, Dong J, et al.

Activation of the novel estrogen receptor G protein-coupled receptor

30 (GPR30) at the plasma membrane. Endocrinology. (2007) 148:3236–

45. doi: 10.1210/en.2006-1605

13. Olde B, Leeb-Lundberg LM. GPR30/GPER1: searching for a

role in estrogen physiology. Trends Endocrinol Metabol. (2009)

20:409–16. doi: 10.1016/j.tem.2009.04.006

14. Funakoshi T, Yanai A, Shinoda K, Kawano MM, Mizukami

Y. G protein-coupled receptor 30 is an estrogen receptor in

the plasma membrane. Biochem Biophys Res Commun. (2006)

346:904–10. doi: 10.1016/j.bbrc.2006.05.191

15. Isensee J, Meoli L, Zazzu V, Nabzdyk C, Witt H, Soewarto D, et al.

Expression pattern of G protein-coupled receptor 30 in LacZ reporter mice.

Endocrinology. (2009) 150:1722–30. doi: 10.1210/en.2008-1488

16. Cheng SB, Graeber CT, Quinn JA, Filardo EJ. Retrograde transport

of the transmembrane estrogen receptor, G-protein-coupled-receptor-30

(GPR30/GPER) from the plasma membrane towards the nucleus. Steroids.

(2011) 76:892–6. doi: 10.1016/j.steroids.2011.02.018t

17. Prossnitz ER, Arterburn JB, Sklar LA. GPR30: a G protein-

coupled receptor for estrogen. Mol Cell Endocrinol. (2007)

265–6:138–42. doi: 10.1016/j.mce.2006.12.010

18. Vrtacnik P, Ostanek B, Mencej-Bedrac S, Marc J. The many

faces of estrogen signaling. Biochem Med (Zagreb). (2014)

24:329–42. doi: 10.11613/BM.2014.035

19. Govind AP, Thampan RV. Membrane associated estrogen receptors

and related proteins: localization at the plasma membrane

and the endoplasmic reticulum. Mol Cell Biochem. (2003)

253:233–40. doi: 10.1023/a:1026068017309

20. Yasar P, Ayaz G, User SD, Gupur G, Muyan M. Molecular mechanism

of estrogen-estrogen receptor signaling. Reprod Med Biol. (2017) 16:4–

20. doi: 10.1002/rmb2.12006

21. Prossnitz ER, Barton M. The G-protein-coupled estrogen

receptor GPER in health and disease. Nat Rev Endocrinol. (2011)

7:715–26. doi: 10.1038/nrendo.2011.122

22. Pasqualini JR, Gelly C, Nguyen BL, Vella C. Importance of

estrogen sulfates in breast cancer. J Steroid Biochem. (1989)

34:155–63. doi: 10.1016/0022-4731(89)90077-0

23. Cheng SB, Dong J, Pang Y, LaRocca J, Hixon M, Thomas P, et al.

Anatomical location and redistribution of G protein-coupled estrogen

receptor-1 during the estrus cycle in mouse kidney and specific binding

to estrogens but not aldosterone. Mol Cell Endocrinol. (2014) 382:950–

9. doi: 10.1016/j.mce.2013.11.005

24. Prossnitz ER. GPER modulators: opportunity Nox on the

heels of a class Akt. J Steroid Biochem Mol Biol. (2018)

176:73–81. doi: 10.1016/j.jsbmb.2017.03.005

25. Kajta M, Litwa E, Rzemieniec J, Wnuk A, Lason W, Zelek-Molik A,

et al. Isomer-nonspecific action of dichlorodiphenyltrichloroethane on

aryl hydrocarbon receptor and G-protein-coupled receptor 30 intracellular

signaling in apoptotic neuronal cells. Mol Cell Endocrinol. (2014) 392:90–

105. doi: 10.1016/j.mce.2014.05.008

26. Jeng Y-J, Kochukov MY, Watson CS. Membrane estrogen receptor-α-

mediated nongenomic actions of phytoestrogens in GH 3/B 6/F 10 pituitary

tumor cells. J Mol Signal. (2009) 4:2. doi: 10.1186/1750-2187-4-2

27. Maggiolini M, Vivacqua A, Fasanella G, Recchia AG, Sisci D, Pezzi V, et al.

The G protein-coupled receptor GPR30 mediates c-fos up-regulation by

17β-estradiol and phytoestrogens in breast cancer cells. J Biol Chem. (2004)

279:27008–16. doi: 10.1074/jbc.M403588200

28. Bologa CG, Revankar CM, Young SM, Edwards BS, Arterburn JB, Kiselyov

AS, et al. Virtual and biomolecular screening converge on a selective agonist

for GPR30. Nat Chem Biol. (2006) 2:207–12. doi: 10.1038/nchembio775

29. Blasko E, Haskell CA, Leung S, Gualtieri G, Halks-Miller M,

Mahmoudi M, et al. Beneficial role of the GPR30 agonist G-1 in

an animal model of multiple sclerosis. J Neuroimmunol. (2009)

214:67–77. doi: 10.1016/j.jneuroim.2009.06.023

30. Liu S, Le May C, Wong WP, Ward RD, Clegg DJ, Marcelli M, et al.

Importance of extranuclear estrogen receptor-α and membrane G protein-

coupled estrogen receptor in pancreatic islet survival. Diabetes. (2009)

58:2292–302. doi: 10.2337/db09-0257

31. Chai S, Liu K, FengW, Liu T,Wang Q, Zhou R, et al. Activation of G protein-

coupled estrogen receptor protects intestine from ischemia/reperfusion

injury in mice by protecting the crypt cell proliferation. Clin Sci. (2019)

133:449–64. doi: 10.1042/CS20180919

32. Mo Z, Liu M, Yang F, Luo H, Li Z, Tu G, et al. GPR30 as an initiator of

tamoxifen resistance in hormone-dependent breast cancer. Breast Cancer

Res. (2013) 15:R114. doi: 10.1186/bcr3581

33. Dennis MK, Burai R, Ramesh C, Petrie WK, Alcon SN, Nayak TK,

et al. In vivo effects of a GPR30 antagonist. Nat Chem Biol. (2009)

5:421. doi: 10.1038/nchembio.168

34. Lappano R, Rosano C, Pisano A, Santolla MF, De Francesco EM, De Marco

P, et al. A calixpyrrole derivative acts as an antagonist to GPER, a G-

protein coupled receptor: mechanisms and models. Dis Models Mech. (2015)

8:1237–46. doi: 10.1242/dmm.021071

35. Dennis MK, Field AS, Burai R, Ramesh C, Petrie WK, Bologa CG,

et al. Identification of a GPER/GPR30 antagonist with improved estrogen

receptor counterselectivity. J Steroid Biochem Mol Biol. (2011) 127:358–

66. doi: 10.1016/j.jsbmb.2011.07.002

36. Cancer NCCf. Early and Locally Advanced Breast Cancer: Diagnosis

and Treatment. London: National Institute for Health and Care

Excellence (2009).

37. Catalano S, Giordano C, Panza S, Chemi F, Bonofiglio D, Lanzino M,

et al. Tamoxifen through GPER upregulates aromatase expression: a novel

mechanism sustaining tamoxifen-resistant breast cancer cell growth. Breast

Cancer Res Treat. (2014) 146:273–85. doi: 10.1007/s10549-014-3017-4

38. Osborne C, Wakeling A, Nicholson RI. Fulvestrant: an oestrogen receptor

antagonist with a novel mechanism of action. Br J Cancer. (2004)

90:S2. doi: 10.1038/sj.bjc.6601629

39. Thomas P, Pang Y, Filardo EJ, Dong J. Identity of an estrogen membrane

receptor coupled to a G protein in human breast cancer cells. Endocrinology.

(2005) 146:624–32. doi: 10.1210/en.2004-1064

40. Thomas P, Dong J. Binding and activation of the seven-transmembrane

estrogen receptor GPR30 by environmental estrogens: a potential novel

mechanism of endocrine disruption. J Steroid Biochem Mol Biol. (2006)

102:175–9. doi: 10.1016/j.jsbmb.2006.09.017

41. Lappano R, Rosano C, De Marco P, De Francesco EM, Pezzi V,

Maggiolini M. Estriol acts as a GPR30 antagonist in estrogen receptor-

negative breast cancer cells. Mol Cell Endocrinol. (2010) 320:162–

70. doi: 10.1016/j.mce.2010.02.006

42. Ramesh C, Nayak T, Burai R, Dennis M, Hathaway H, Sklar L, et al.

Synthesis and characterization of iodinated tetrahydroquinolines targeting

the G protein-coupled estrogen receptor GPR30. J Med Chem. (2010)

53:1004–14. doi: 10.1021/jm9011802

43. Nayak TK, Dennis MK, Ramesh C, Burai R, Atcher RW, Sklar LA, et al.

Influence of charge on cell permeability and tumor imaging of GPR30-

targeted 111in-labeled nonsteroidal imaging agents. ACS Chem Biol. (2010)

5:681–90. doi: 10.1021/cb1000636

44. Ciullo I, Diez-Roux G, Di Domenico M, Migliaccio A, Avvedimento EV.

cAMP signaling selectively influences Ras effectors pathways. Oncogene.

(2001) 20:1186–92. doi: 10.1038/sj.onc.1204219

Frontiers in Endocrinology | www.frontiersin.org 9 October 2019 | Volume 10 | Article 725

https://doi.org/10.1006/geno.1998.5095
https://doi.org/10.1016/j.jsbmb.2014.05.003
https://doi.org/10.1210/mend.14.10.0532
https://doi.org/10.1210/mend.16.1.0758
https://doi.org/10.1210/en.2006-1605
https://doi.org/10.1016/j.tem.2009.04.006
https://doi.org/10.1016/j.bbrc.2006.05.191
https://doi.org/10.1210/en.2008-1488
https://doi.org/10.1016/j.steroids.2011.02.018t
https://doi.org/10.1016/j.mce.2006.12.010
https://doi.org/10.11613/BM.2014.035
https://doi.org/10.1023/a:1026068017309
https://doi.org/10.1002/rmb2.12006
https://doi.org/10.1038/nrendo.2011.122
https://doi.org/10.1016/0022-4731(89)90077-0
https://doi.org/10.1016/j.mce.2013.11.005
https://doi.org/10.1016/j.jsbmb.2017.03.005
https://doi.org/10.1016/j.mce.2014.05.008
https://doi.org/10.1186/1750-2187-4-2
https://doi.org/10.1074/jbc.M403588200
https://doi.org/10.1038/nchembio775
https://doi.org/10.1016/j.jneuroim.2009.06.023
https://doi.org/10.2337/db09-0257
https://doi.org/10.1042/CS20180919
https://doi.org/10.1186/bcr3581
https://doi.org/10.1038/nchembio.168
https://doi.org/10.1242/dmm.021071
https://doi.org/10.1016/j.jsbmb.2011.07.002
https://doi.org/10.1007/s10549-014-3017-4
https://doi.org/10.1038/sj.bjc.6601629
https://doi.org/10.1210/en.2004-1064
https://doi.org/10.1016/j.jsbmb.2006.09.017
https://doi.org/10.1016/j.mce.2010.02.006
https://doi.org/10.1021/jm9011802
https://doi.org/10.1021/cb1000636
https://doi.org/10.1038/sj.onc.1204219
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org
https://www.frontiersin.org/journals/endocrinology#articles


Xu et al. GPER and Its Signaling Pathway in Cancer

45. Bonkhoff H. Estrogen receptor signaling in prostate cancer: implications

for carcinogenesis and tumor progression. The Prostate. (2018) 78:2–

10. doi: 10.1002/pros.23446

46. Filardo EJ. Epidermal growth factor receptor (EGFR) transactivation by

estrogen via the G-protein-coupled receptor, GPR30: a novel signaling

pathway with potential significance for breast cancer. J Steroid Biochem Mol

Biol. (2002) 80:231–8. doi: 10.1016/S0960-0760(01)00190-X

47. Quinn JA, Graeber CT, Frackelton AR Jr, Kim M, Schwarzbauer JE, Filardo

EJ. Coordinate regulation of estrogen-mediated fibronectin matrix assembly

and epidermal growth factor receptor transactivation by the G protein-

coupled receptor, GPR30.Mol Endocrinol (Baltimore, Md.). (2009) 23:1052–

64. doi: 10.1210/me.2008-0262

48. Fujiwara S, Terai Y, Kawaguchi H, Takai M, Yoo S, Tanaka Y, et al. GPR30

regulates the EGFR-Akt cascade and predicts lower survival in patients with

ovarian cancer. J Ovarian Res. (2012) 5:35. doi: 10.1186/1757-2215-5-35

49. McCubrey JA, Steelman LS, Chappell WH, Abrams SL, Wong EW,

Chang F, et al. Roles of the Raf/MEK/ERK pathway in cell growth,

malignant transformation and drug resistance. Biochim Biophys Acta. (2007)

1773:1263–84. doi: 10.1016/j.bbamcr.2006.10.001

50. Recchia AG, De Francesco EM, Vivacqua A, Sisci D, PannoML, Ando S, et al.

The G protein-coupled receptor 30 is up-regulated by hypoxia-inducible

factor-1alpha (HIF-1alpha) in breast cancer cells and cardiomyocytes. J Biol

Chem. (2011) 286:10773–82. doi: 10.1074/jbc.M110.172247

51. De Francesco EM, Lappano R, Santolla MF, Marsico S, Caruso A, Maggiolini

M. HIF-1α/GPER signaling mediates the expression of VEGF induced by

hypoxia in breast cancer associated fibroblasts (CAFs). Breast Cancer Res.

(2013) 15:R64. doi: 10.1186/bcr3458

52. Ren J, GuoH,WuH, Tian T, Dong D, Zhang Y, et al. GPER in CAFs regulates

hypoxia-driven breast cancer invasion in a CTGF-dependent manner. Oncol

Rep. (2015) 33:1929–37. doi: 10.3892/or.2015.3779

53. Wang GL, Semenza GL. General involvement of hypoxia-inducible factor

1 in transcriptional response to hypoxia. Proc Natl Acad Sci USA. (1993)

90:4304–8. doi: 10.1073/pnas.90.9.4304

54. Bartella V, De Marco P, Malaguarnera R, Belfiore A, Maggiolini M.

New advances on the functional cross-talk between insulin-like growth

factor-I and estrogen signaling in cancer. Cell Signal. (2012) 24:1515–

21. doi: 10.1016/j.cellsig.2012.03.012

55. Pupo M, Pisano A, Abonante S, Maggiolini M, Musti AM.

GPER activates Notch signaling in breast cancer cells and cancer-

associated fibroblasts (CAFs). Int J Biochem Cell Biol. (2014)

46:56–67. doi: 10.1016/j.biocel.2013.11.011

56. Rocca C, Femmino S, Aquila G, Granieri MC, De Francesco EM, Pasqua

T, et al. Notch1 mediates preconditioning protection induced by gper in

normotensive and hypertensive female rat hearts. Front Physiol. (2018)

9:521. doi: 10.3389/fphys.2018.00521

57. Mawson A, Lai A, Carroll JS, Sergio CM, Mitchell CJ, Sarcevic B. Estrogen

and insulin/IGF-1 cooperatively stimulate cell cycle progression in MCF-7

breast cancer cells through differential regulation of c-Myc and cyclin D1.

Mol Cell Endocrinol. (2005) 229:161–73. doi: 10.1016/j.mce.2004.08.002

58. De Marco P, Bartella V, Vivacqua A, Lappano R, Santolla MF, Morcavallo A,

et al. Insulin-like growth factor-I regulates GPER expression and function in

cancer cells. Oncogene. (2013) 32:678–88. doi: 10.1038/onc.2012.97

59. Avino S, De Marco P, Cirillo F, Santolla MF, De Francesco EM, Perri MG,

et al. Stimulatory actions of IGF-I are mediated by IGF-IR cross-talk with

GPER and DDR1 in mesothelioma and lung cancer cells. Oncotarget. (2016)

7:52710–28. doi: 10.18632/oncotarget.10348

60. Okamoto M, Mizukami Y. GPER negatively regulates TNFα-induced IL-6

production in human breast cancer cells via NF-kappaB pathway. Endocr J.

(2016) 63:485–93. doi: 10.1507/endocrj.EJ15-0571

61. Zhu P, Liao LY, Zhao TT, Mo XM, Chen GG, Liu ZM. GPER/ERK&AKT/NF-

kappaB pathway is involved in cadmium-induced proliferation, invasion and

migration of GPER-positive thyroid cancer cells.Mol Cell Endocrinol. (2017)

442:68–80. doi: 10.1016/j.mce.2016.12.007

62. Prossnitz ER, Barton M. Signaling, physiological functions

and clinical relevance of the G protein-coupled estrogen

receptor GPER. Prostaglandins Other Lipid Mediat. (2009)

89:89–97. doi: 10.1016/j.prostaglandins.2009.05.001

63. Pandey DP, Lappano R, Albanito L, Madeo A, Maggiolini M,

Picard D. Estrogenic GPR30 signalling induces proliferation and

migration of breast cancer cells through CTGF. EMBO J. (2009)

28:523–32. doi: 10.1038/emboj.2008.304

64. Zhou X, Wang S, Wang Z, Feng X, Liu P, Lv X-B, et al. Estrogen regulates

Hippo signaling via GPER in breast cancer. J Clin Invest. (2015) 125:2123–

35. doi: 10.1172/JCI79573

65. Cortes E, Lachowski D, Robinson B, Sarper M, Teppo JS, Thorpe SD,

et al. Tamoxifen mechanically reprograms the tumor microenvironment

via HIF-1A and reduces cancer cell survival. EMBO Rep. (2019)

20:e46557. doi: 10.15252/embr.201846557

66. Rigiracciolo DC, Scarpelli A, Lappano R, Pisano A, Santolla MF, Avino S,

et al. GPER is involved in the stimulatory effects of aldosterone in breast

cancer cells and breast tumor-derived endothelial cells. Oncotarget. (2016)

7:94–111. doi: 10.18632/oncotarget.6475

67. Parker BM, Wertz SL, Pollard CM, Desimine VL, Maning J, McCrink KA,

et al. Novel insights into the crosstalk between mineralocorticoid receptor

and G protein-coupled receptors in heart adverse remodeling and disease.

Int J Mol Sci. (2018) 19:3764. doi: 10.3390/ijms19123764

68. Feldman RD, Ding Q, Hussain Y, Limbird LE, Pickering JG, Gros

R. Aldosterone mediates metastatic spread of renal cancer via the G

protein-coupled estrogen receptor (GPER). FASEB J. (2016) 30:2086–

96. doi: 10.1096/fj.15-275552

69. Migliaccio A, Di Domenico M, Castoria G, Nanayakkara M,

Lombardi M, de Falco A, et al. Steroid receptor regulation of

epidermal growth factor signaling through Src in breast and

prostate cancer cells: Steroid antagonist action. Cancer Res. (2005)

65:10585–93. doi: 10.1158/0008-5472.CAN-05-0912

70. Migliaccio A, Castoria G, Bilancio A, Giovannelli P, Di Donato M, Auricchio

F. Non-genomic action of steroid hormones: more questions than answers.

In: Castoria G, Migliaccio A, editors. Advances in Rapid Sex-Steroid Action:

New Challenges and New Chances in Breast and Prostate Cancers. New York,

NY: Springer (2012). p. 1–15.

71. Filardo EJ, Quinn JA, Sabo E. Association of the membrane estrogen

receptor, GPR30, with breast tumor metastasis and transactivation

of the epidermal growth factor receptor. Steroids. (2008) 73:870–

3. doi: 10.1016/j.steroids.2007.12.025

72. Martin SG, Lebot MN, Sukkarn B, Ball G, Green AR, Rakha EA, et al. Low

expression of G protein-coupled oestrogen receptor 1 (GPER) is associated

with adverse survival of breast cancer patients. Oncotarget. (2018) 9:25946–

56. doi: 10.18632/oncotarget.25408

73. Lappano R, Pisano A, Maggiolini M. GPER function in breast cancer: an

overview. Front Endocrinol. (2014) 5:66. doi: 10.3389/fendo.2014.00066

74. WeiW, Chen ZJ, Zhang KS, Yang XL,WuYM, Chen XH, et al. The activation

of G protein-coupled receptor 30 (GPR30) inhibits proliferation of estrogen

receptor-negative breast cancer cells in vitro and in vivo. Cell Death Dis.

(2014) 5:e1428. doi: 10.1038/cddis.2014.398

75. Rouhimoghadam M, Safarian S, Carroll JS, Sheibani N, Bidkhori G.

Tamoxifen-induced apoptosis of MCF-7 cells via GPR30/PI3K/MAPKs

interactions: verification by ODE modeling and RNA sequencing. Front

Physiol. (2018) 9:907. doi: 10.3389/fphys.2018.00907

76. Vladusic EA, Hornby AE, Guerra-Vladusic FK, Lakins J, Lupu R. Expression

and regulation of estrogen receptor beta in human breast tumors and cell

lines. Oncol Rep. (2000) 7:157–67. doi: 10.3892/or.7.1.157

77. Albanito L, Sisci D, Aquila S, Brunelli E, Vivacqua A, Madeo A, et al.

Epidermal growth factor induces G protein-coupled receptor 30 expression

in estrogen receptor-negative breast cancer cells. Endocrinology. (2008)

149:3799–808. doi: 10.1210/en.2008-0117

78. Albanito L, Lappano R, Madeo A, Chimento A, Prossnitz ER, Cappello

AR, et al. Effects of atrazine on estrogen receptor α- and G protein–

coupled receptor 30–mediated signaling and proliferation in cancer cells

and cancer-associated fibroblasts. Environ Health Perspect. (2015) 123:493–

9. doi: 10.1289/ehp.1408586

79. Li M, Guo J, Gao W, Yu J, Han X, Zhang J, et al. Bisphenol

AF-induced endogenous transcription is mediated by ERα and

ERK1/2 activation in human breast cancer cells. PLoS ONE. (2014)

9:e94725. doi: 10.1371/journal.pone.0094725

Frontiers in Endocrinology | www.frontiersin.org 10 October 2019 | Volume 10 | Article 725

https://doi.org/10.1002/pros.23446
https://doi.org/10.1016/S0960-0760(01)00190-X
https://doi.org/10.1210/me.2008-0262
https://doi.org/10.1186/1757-2215-5-35
https://doi.org/10.1016/j.bbamcr.2006.10.001
https://doi.org/10.1074/jbc.M110.172247
https://doi.org/10.1186/bcr3458
https://doi.org/10.3892/or.2015.3779
https://doi.org/10.1073/pnas.90.9.4304
https://doi.org/10.1016/j.cellsig.2012.03.012
https://doi.org/10.1016/j.biocel.2013.11.011
https://doi.org/10.3389/fphys.2018.00521
https://doi.org/10.1016/j.mce.2004.08.002
https://doi.org/10.1038/onc.2012.97
https://doi.org/10.18632/oncotarget.10348
https://doi.org/10.1507/endocrj.EJ15-0571
https://doi.org/10.1016/j.mce.2016.12.007
https://doi.org/10.1016/j.prostaglandins.2009.05.001
https://doi.org/10.1038/emboj.2008.304
https://doi.org/10.1172/JCI79573
https://doi.org/10.15252/embr.201846557
https://doi.org/10.18632/oncotarget.6475
https://doi.org/10.3390/ijms19123764
https://doi.org/10.1096/fj.15-275552
https://doi.org/10.1158/0008-5472.CAN-05-0912
https://doi.org/10.1016/j.steroids.2007.12.025
https://doi.org/10.18632/oncotarget.25408
https://doi.org/10.3389/fendo.2014.00066
https://doi.org/10.1038/cddis.2014.398
https://doi.org/10.3389/fphys.2018.00907
https://doi.org/10.3892/or.7.1.157
https://doi.org/10.1210/en.2008-0117
https://doi.org/10.1289/ehp.1408586
https://doi.org/10.1371/journal.pone.0094725
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org
https://www.frontiersin.org/journals/endocrinology#articles


Xu et al. GPER and Its Signaling Pathway in Cancer

80. Rigiracciolo DC, Santolla MF, Lappano R, Vivacqua A, Cirillo F, Galli

GR, et al. Focal adhesion kinase (FAK) activation by estrogens involves

GPER in triple-negative breast cancer cells. J Exp Clin Cancer Res. (2019)

38:58. doi: 10.1186/s13046-019-1056-8

81. Castillo Sanchez R, Gomez R, Perez Salazar E. Bisphenol A induces

migration through a GPER-, FAK-, Src-, and ERK2-dependent pathway

in MDA-MB-231 breast cancer cells. Chem Res Toxicol. (2016) 29:285–

95. doi: 10.1021/acs.chemrestox.5b00457

82. Giovannelli P, Di Donato M, Auricchio F, Castoria G, Migliaccio

A. Androgens induce invasiveness of triple negative breast cancer

cells through AR/Src/PI3-K complex assembly. Sci Rep. (2019)

9:4490. doi: 10.1038/s41598-019-41016-4

83. Chen H, Lu W, Zhang Y, Zhu X, Zhou J, Chen Y. A Bayesian network

meta-analysis of the efficacy of targeted therapies and chemotherapy for

treatment of triple-negative breast cancer. Cancer Med. (2018) 8:1882–

92. doi: 10.1002/cam4.1892

84. Liedtke C, Mazouni C, Hess KR, Andre F, Tordai A, Mejia JA,

et al. Response to neoadjuvant therapy and long-term survival in

patients with triple-negative breast cancer. J Clin Oncol. (2008) 26:1275–

81. doi: 10.1200/JCO.2007.14.4147

85. Luo H-J, Luo P, Yang G-L, Peng Q-L, Liu M-R, Tu GJ. G-protein

coupled estrogen receptor 1 expression in primary breast cancers and

its correlation with clinicopathological variables. J Breast Cancer. (2011)

14:185–90. doi: 10.4048/jbc.2011.14.3.185

86. Siziopikou KP, Cobleigh M. The basal subtype of breast carcinomas may

represent the group of breast tumors that could benefit from EGFR-targeted

therapies. Brest. (2007) 16:104–107. doi: 10.1016/j.breast.2006.09.003

87. Girgert R, Emons G, Gründker C. Inactivation of GPR30

reduces growth of triple-negative breast cancer cells: possible

application in targeted therapy. Breast Cancer Res Treat. (2012)

134:199–205. doi: 10.1007/s10549-012-1968-x

88. Wang Y, Peng Z, Meng R, Tao T, Wang Q, Zhao C, et al. NHERF1 inhibits

proliferation of triple-negative breast cancer cells by suppressing GPER

signaling. Oncol Rep. (2017) 38:221–8. doi: 10.3892/or.2017.5649

89. Marjon NA, Hu C, Hathaway HJ, Prossnitz ER. G protein-coupled estrogen

receptor regulates mammary tumorigenesis and metastasis.Mol Cancer Res.

(2014) 12:1644–54. doi: 10.1158/1541-7786.MCR-14-0128-T

90. Lappano R, Maggiolini M. GPER is involved in the functional

liaison between breast tumor cells and cancer-associated

fibroblasts (CAFs). J Steroid Biochem Mol Biol. (2018) 176:49–

56. doi: 10.1016/j.jsbmb.2017.02.019

91. Heublein S, Mayr D, Vrekoussis T, Friese K, Hofmann SS, Jeschke U, et al.

The G-protein coupled estrogen receptor (GPER/GPR30) is a gonadotropin

receptor dependent positive prognosticator in ovarian carcinoma patients.

PLoS ONE. (2013) 8:e71791. doi: 10.1371/journal.pone.0071791

92. Ignatov T, Modl S, Thulig M, Weißenborn C, Treeck O, Ortmann O, et al.

GPER-1 acts as a tumor suppressor in ovarian cancer. J Ovarian Res. (2013)

6:51. doi: 10.1186/1757-2215-6-51

93. Wang C, Lv X, He C, Hua G, Tsai MY, Davis JS. The G-protein-

coupled estrogen receptor agonist G-1 suppresses proliferation of ovarian

cancer cells by blocking tubulin polymerization. Cell Death Dis. (2013)

4:e869. doi: 10.1038/cddis.2013.397

94. Brake T, Lambert PF. Estrogen contributes to the onset, persistence, and

malignant progression of cervical cancer in a human papillomavirus-

transgenic mouse model. Proc Natl Acad Sci USA. (2005) 102:2490–

5. doi: 10.1073/pnas.0409883102

95. Friese K, Kost B, Vattai A, Marme F, Kuhn C, Mahner S, et al. The G

protein-coupled estrogen receptor (GPER/GPR30) may serve as a prognostic

marker in early-stage cervical cancer. J Cancer Res Clin Oncol. (2018)

144:13–9. doi: 10.1007/s00432-017-2510-7

96. Zhang Q, Wu YZ, Zhang YM, Ji XH, Hao Q. Activation of G-protein

coupled estrogen receptor inhibits the proliferation of cervical cancer cells

via sustained activation of ERK1/2. Cell Biochem Funct. (2015) 33:134–

42. doi: 10.1002/cbf.3097

97. Yang W, Tan W, Zheng J, Zhang B, Li H, Li X. MEHP promotes the

proliferation of cervical cancer via GPER mediated activation of Akt. Euro

J Pharmacol. (2018) 824:11–6. doi: 10.1016/j.ejphar.2018.01.040

98. Morice P, Leary A, Creutzberg C, Abu-Rustum N, Darai E. Endometrial

cancer. Lancet. (2016) 387:1094–108. doi: 10.1016/S0140-6736(15)00130-0

99. He YY, Du GQ, Cai B, Yan Q, Zhou L, Chen XY, et al. Estrogenic

transmembrane receptor of GPR30 mediates invasion and carcinogenesis

by endometrial cancer cell line RL95–2. J Cancer Res Clin Oncol. (2012)

138:775–83. doi: 10.1007/s00432-011-1133-7

100. He YY, Cai B, Yang YX, Liu XL, Wan XP. Estrogenic G protein-coupled

receptor 30 signaling is involved in regulation of endometrial carcinoma by

promoting proliferation, invasion potential, and interleukin-6 secretion via

the MEK/ERKmitogen-activated protein kinase pathway. Cancer Sci. (2009)

100:1051–61. doi: 10.1111/j.1349-7006.2009.01148.x

101. Smith H, Qualls C, Huang G, Arias-Pulido H, Howard T, Joste

N, et al. ER-alpha, PR, EGFR and GPER expression differentially

correlate with survival in endometrial carcinoma. Gynecol Oncol. (2013)

130:e86. doi: 10.1016/j.ygyno.2013.04.260

102. Williams G. Aromatase up-regulation, insulin and raised intracellular

oestrogens in men, induce adiposity, metabolic syndrome and prostate

disease, via aberrant ER-alpha and GPER signalling. Mol Cell Endocrinol.

(2012) 351:269–78. doi: 10.1016/j.mce.2011.12.017

103. Lau KM, Ma FM, Xia JT, Chan QKY, Ng CF, To KF. Activation

of GPR30 stimulates GTP-binding of Galphai1 protein to sustain

activation of Erk1/2 in inhibition of prostate cancer cell growth

and modulates metastatic properties. Exp Cell Res. (2017) 350:199–

209. doi: 10.1016/j.yexcr.2016.11.022

104. Rago V, Romeo F, Giordano F, Ferraro A, Carpino A. Identification of the

G protein-coupled estrogen receptor (GPER) in human prostate: expression

site of the estrogen receptor in the benign and neoplastic gland. Andrology.

(2016) 4:121–7. doi: 10.1111/andr.12131

105. Hu WY, Shi GB, Lam HM, Hu DP, Ho SM, Madueke IC, et al. Estrogen-

initiated transformation of prostate epithelium derived from normal

human prostate stem-progenitor cells. Endocrinology. (2011) 152:2150–

63. doi: 10.1210/en.2010-1377

106. Prins GS, Hu WY, Shi GB, Hu DP, Majumdar S, Li G, et al. Bisphenol A

promotes human prostate stem-progenitor cell self-renewal and increases

in vivo carcinogenesis in human prostate epithelium. Endocrinology. (2014)

155:805–17. doi: 10.1210/en.2013-1955

107. Chan QK, Lam HM, Ng CF, Lee AY, Chan ES, Ng HK, et al. Activation

of GPR30 inhibits the growth of prostate cancer cells through sustained

activation of Erk1/2, c-jun/c-fos-dependent upregulation of p21, and

induction of G(2) cell-cycle arrest. Cell Death Differ. (2010) 17:1511–

23. doi: 10.1038/cdd.2010.20

108. Lam HM, Ouyang B, Chen J, Ying J, Wang J, Wu CL, et al. Targeting GPR30

with G-1: a new therapeutic target for castration-resistant prostate cancer.

Endocr Relat Cancer. (2014) 21:903–14. doi: 10.1530/ERC-14-0402

109. Schonfeld S. Hormonal and reproductive factors and risk of postmenopausal

thyroid cancer in the NIH-AARP Diet and Health Study. Cancer Epidemiol.

(2011) 35:e85–90. doi: 10.1016/j.canep.2011.05.009

110. Zhang Y, Wei F, Zhang J, Hao L, Jiang J, Dang L, et al. Bisphenol

A and estrogen induce proliferation of human thyroid tumor cells via

an estrogen-receptor-dependent pathway. Archiv Biochem Biophys. (2017)

633:29–39. doi: 10.1016/j.abb.2017.09.002

111. Hsu LH, Chu NM, Kao SH. Estrogen, estrogen receptor and lung cancer. Int

J Mol Sci. (2017) 18:1713. doi: 10.3390/ijms18081713

112. Liu C, Liao Y, Fan S, Tang H, Jiang Z, Zhou B, et al. G protein-

coupled estrogen receptor (GPER) mediates NSCLC progression induced

by 17β-estradiol (E2) and selective agonist G1. Med Oncol. (2015)

32:104. doi: 10.1007/s12032-015-0558-2

113. Chimento A, Sirianni R, Casaburi I, Zolea F, Rizza P, Avena P, et al. GPER

agonist G-1 decreases adrenocortical carcinoma (ACC) cell growth in vitro

and in vivo. Oncotarget. (2015) 6:19190–203. doi: 10.18632/oncotarget.4241

114. Casaburi I, Avena P, De Luca A, Sirianni R, Rago V, Chimento A,

et al. GPER-independent inhibition of adrenocortical cancer growth by

G-1 involves ROS/Egr-1/BAX pathway. Oncotarget. (2017) 8:115609–

19. doi: 10.18632/oncotarget.23314

115. Huang W, Chen Y, Liu Y, Zhang Q, Yu Z, Mou L, et al. Roles of ERβ and

GPR30 in proliferative response of human bladder cancer cell to estrogen.

Biomed Res Int. (2015) 2015:251780. doi: 10.1155/2015/251780

Frontiers in Endocrinology | www.frontiersin.org 11 October 2019 | Volume 10 | Article 725

https://doi.org/10.1186/s13046-019-1056-8
https://doi.org/10.1021/acs.chemrestox.5b00457
https://doi.org/10.1038/s41598-019-41016-4
https://doi.org/10.1002/cam4.1892
https://doi.org/10.1200/JCO.2007.14.4147
https://doi.org/10.4048/jbc.2011.14.3.185
https://doi.org/10.1016/j.breast.2006.09.003
https://doi.org/10.1007/s10549-012-1968-x
https://doi.org/10.3892/or.2017.5649
https://doi.org/10.1158/1541-7786.MCR-14-0128-T
https://doi.org/10.1016/j.jsbmb.2017.02.019
https://doi.org/10.1371/journal.pone.0071791
https://doi.org/10.1186/1757-2215-6-51
https://doi.org/10.1038/cddis.2013.397
https://doi.org/10.1073/pnas.0409883102
https://doi.org/10.1007/s00432-017-2510-7
https://doi.org/10.1002/cbf.3097
https://doi.org/10.1016/j.ejphar.2018.01.040
https://doi.org/10.1016/S0140-6736(15)00130-0
https://doi.org/10.1007/s00432-011-1133-7
https://doi.org/10.1111/j.1349-7006.2009.01148.x
https://doi.org/10.1016/j.ygyno.2013.04.260
https://doi.org/10.1016/j.mce.2011.12.017
https://doi.org/10.1016/j.yexcr.2016.11.022
https://doi.org/10.1111/andr.12131
https://doi.org/10.1210/en.2010-1377
https://doi.org/10.1210/en.2013-1955
https://doi.org/10.1038/cdd.2010.20
https://doi.org/10.1530/ERC-14-0402
https://doi.org/10.1016/j.canep.2011.05.009
https://doi.org/10.1016/j.abb.2017.09.002
https://doi.org/10.3390/ijms18081713
https://doi.org/10.1007/s12032-015-0558-2
https://doi.org/10.18632/oncotarget.4241
https://doi.org/10.18632/oncotarget.23314
https://doi.org/10.1155/2015/251780
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org
https://www.frontiersin.org/journals/endocrinology#articles


Xu et al. GPER and Its Signaling Pathway in Cancer

116. Levin ER. G protein-coupled receptor 30: estrogen receptor or collaborator?

Endocrinology. (2009) 150:1563–5. doi: 10.1210/en.2008-1759

117. Early Breast Cancer Trialists’ Collaborative G. Effects of chemotherapy

and hormonal therapy for early breast cancer on recurrence and 15-year

survival: an overview of the randomised trials. Lancet. (2005) 365:1687–

717. doi: 10.1016/S0140-6736(05)66544-0

118. Adlanmerini M, Solinhac R, Abot A, Fabre A, Raymond-Letron I, Guihot

AL, et al. Mutation of the palmitoylation site of estrogen receptor alpha

in vivo reveals tissue-specific roles for membrane versus nuclear actions.

Proc Natl Acad Sci USA. (2014) 111:E283–90. doi: 10.1073/pnas.13220

57111

119. Pedram A, Razandi M, Lewis M, Hammes S, Levin ER. Membrane-

localized estrogen receptor alpha is required for normal organ development

and function. Dev Cell. (2014) 29:482–90. doi: 10.1016/j.devcel.2014.

04.016

120. Nanjappa MK, Hess RA, Medrano TI, Locker SH, Levin ER, Cooke

PS. Membrane-localized estrogen receptor 1 is required for normal male

reproductive development and function in mice. Endocrinology. (2016)

157:2909–19. doi: 10.1210/en.2016-1085

121. Acconcia F, MarinoM. The effects of 17β-estradiol in cancer are mediated by

estrogen receptor signaling at the plasma membrane. Front Physiol. (2011)

2:30. doi: 10.3389/fphys.2011.00030

122. Yin G, Zeng B, Peng Z, Liu Y, Sun L, Liu C. Synthesis and application

of 131I-fulvestrant as a targeted radiation drug for endocrine therapy in

human breast cancer. Oncol Rep. (2018) 39:1215–26. doi: 10.3892/or.201

8.6212

123. Broughton BR, Miller AA, Sobey CG. Endothelium-dependent relaxation by

G protein-coupled receptor 30 agonists in rat carotid arteries. Am J Physiol

Heart Circ Physiol. (2010) 298:H1055–61. doi: 10.1152/ajpheart.00878.2009

124. Bai LY, Weng JR, Hu JL, Wang D, Sargeant AM, Chiu CF. G15,

a GPR30 antagonist, induces apoptosis and autophagy in human

oral squamous carcinoma cells. Chem Biol Interact. (2013) 206:375–

84. doi: 10.1016/j.cbi.2013.10.014

125. Rudelius M, Rauert-Wunderlich H, Hartmann E, Hoster E, Dreyling M,

Klapper W, et al. The G protein-coupled estrogen receptor 1 (GPER-1)

contributes to the proliferation and survival of mantle cell lymphoma cells.

Haematologica. (2015) 100:e458–61. doi: 10.3324/haematol.2015.127399

126. Geretto M, Ponassi M, Casale M, Pulliero A, Cafeo G, Malagreca F,

et al. A novel calix[4]pyrrole derivative as a potential anticancer

agent that forms genotoxic adducts with DNA. Sci Rep. (2018)

8:36. doi: 10.1038/s41598-018-29314-9

Conflict of Interest: The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be construed as a

potential conflict of interest.

Copyright © 2019 Xu, Yu, Dong and Lee. This is an open-access article distributed

under the terms of the Creative Commons Attribution License (CC BY). The use,

distribution or reproduction in other forums is permitted, provided the original

author(s) and the copyright owner(s) are credited and that the original publication

in this journal is cited, in accordance with accepted academic practice. No use,

distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Endocrinology | www.frontiersin.org 12 October 2019 | Volume 10 | Article 725

https://doi.org/10.1210/en.2008-1759
https://doi.org/10.1016/S0140-6736(05)66544-0
https://doi.org/10.1073/pnas.1322057111
https://doi.org/10.1016/j.devcel.2014.04.016
https://doi.org/10.1210/en.2016-1085
https://doi.org/10.3389/fphys.2011.00030
https://doi.org/10.3892/or.2018.6212
https://doi.org/10.1152/ajpheart.00878.2009
https://doi.org/10.1016/j.cbi.2013.10.014
https://doi.org/10.3324/haematol.2015.127399
https://doi.org/10.1038/s41598-018-29314-9
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org
https://www.frontiersin.org/journals/endocrinology#articles

	G Protein-Coupled Estrogen Receptor: A Potential Therapeutic Target in Cancer
	Introduction
	GPER Agonism and Antagonism
	Signaling Pathways of GPER
	G Protein-Dependent Pathway
	Transactivation of EGFR
	HIF Induced Pathway
	Notch Signal Pathway
	Insulin-Like Growth Factor Receptor (IGFR) Pathway
	NF-κB Pathway
	Hippo/YAP Pathway
	Cross-Talk With Other Receptors

	The Role of GPER in Cancer Cells
	Breast Cancer
	Ovarian Cancer
	Cervical Cancer
	Endometrial Cancer
	Prostate Cancer
	Thyroid Cancer
	Lung Cancer
	Other Cancers
	Perspective

	Author Contributions
	Funding
	References


