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The G-protein-coupled estrogen receptor-1 (GPER, formerly known as GPR30) has attracted
increasing interest, considering its ability to mediate estrogenic signaling in different cell
types, including the hormone-sensitive tumors like breast cancer. As observed for other
GPCR-mediated responses, the activation of the epidermal growth factor receptor is a fun-
damental integration point in the biological action triggered by GPER. A wide number of
natural and synthetic compounds, including estrogens and anti-estrogens, elicit stimulatory
effects in breast cancer through GPER up-regulation and activation, suggesting that GPER
function is associated with breast tumor progression and tamoxifen resistance. GPER has
also been proposed as a candidate biomarker in triple-negative breast cancer, opening a
novel scenario for a more comprehensive assessment of breast tumor patients.
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INTRODUCTION
Estrogen receptors (ERα and ERβ) belong to the family of ligand-
regulated transcription factors that mediate a wide range of
hormone-induced physiological responses (1). In addition, estro-
gen and their cognate receptors are mainly involved in the pro-
gression of hormone-sensitive tumors including breast cancer.
Consequently, selective estrogen receptor modulators (SERMs)
were developed and used for decades in order to suppress estrogen
signaling in patients with breast tumor. Tamoxifen, the first SERM
approved for the treatment of breast cancer, has evidenced the
ability to reduce both breast cancer recurrence and contra-lateral
cancer by approximately 40–50% in women with early breast can-
cer (2). Although tamoxifen has demonstrated the effectiveness
in preventing numerous ER-positive breast tumors, no benefi-
cial effects was observed in any of the clinical trials aimed to
evaluate the progression of ER-negative tumors (3). As several
long-term side-effects were associated with tamoxifen treatment,
including an increased risk of endometrial cancer and throm-
boembolism, additional SERMs like raloxifene were developed in
recent years. In this regard, clinical trials have demonstrated that
patients receiving raloxifene show a reduced amount of side-effects
than tamoxifen-treated women. Nevertheless, raloxifene exhib-
ited a fewer effectiveness than tamoxifen toward the prevention
of invasive breast cancer (3). More recently, a third-generation
SERM named lasofoxifene has evidenced high efficacy in reducing
the incidence of ER-positive breast cancer, along with decreased
side-effects compared to tamoxifen or raloxifene treatment (4).
However, the use of lasofoxifene has not yet been approved by
FDA in the prevention of breast cancer.

To date, an alternative strategy in preventing the progres-
sion of ER-dependent breast tumors is represented by drugs that
inhibit the aromatase enzyme and interfere with the biosynthesis
of estrogens, leading to a drastic reduction of circulating estrogen
levels (5). Accordingly, clinical trials have suggested that aromatase
inhibitors (AIs) are highly effective in preventing invasive ER-
positive breast tumors in high-risk women (6, 7), even though

significant side-effects have been observed in follow-up stud-
ies (8). The aforementioned observations indicate that SERMs
and AIs are not able to prevent the development of ER-negative
breast cancer, hence suggesting the need of additional prognos-
tic and predictive factors beyond ERα (9), toward more com-
prehensive therapeutic strategies particularly in these types of
tumors.

17β-Estradiol (E2) triggers rapid effects by activating numerous
transduction signaling, including the insulin-like growth factor I
receptor (IGF-IR) and members of the epidermal growth factor
receptor (EGFR) family (1, 10, 11). Moreover, it has been well
recognized the involvement of the G-protein-coupled receptor
named GPR30/GPER in rapid responses to both estrogens and
anti-estrogens (12). In this regard, it has been suggested that
these molecules can induce growth effects through the activa-
tion of GPER-mediated signaling in ER-negative breast tumors
(13–15). Taking also into account that one in four patients with
ER-positive tumors does not respond to anti-estrogens (16), the
existence of an alternative estrogen receptor as GPER, may pro-
vide the basis for a better understanding of novel mechanisms
by which estrogens/anti-estrogens stimulate the proliferation of
hormone-sensitive cancer cells, including breast carcinoma. Fur-
ther supporting these findings, the expression of GPER has been
found associated with the development of tamoxifen resistance in
breast cancer patients (17–19).

The numerous evidence that underline the complex action
exerted by GPER up-regulation and activation in the progression
of breast cancer will be summarized here, having also a look at the
chance to consider it as a further biological target for innovative
therapeutic strategies in breast tumor.

GPER SIGNALING IN BREAST CANCER CELLS
The initial studies, which elucidated some of the biological actions
exerted by GPER in breast cancer cells, like the activation of
rapid intracellular signaling induced by E2 and the ER antag-
onists tamoxifen and ICI 182, 780 (13, 14, 20), paved the way
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for a wide number of studies aimed to characterize the molecu-
lar mechanisms involved in GPER-mediated biological responses
like cancer cell growth, migration, and invasion. For instance, in
ER-negative breast cancer cells, the GPER-dependent ERK1/2 acti-
vation was shown to be consequent to the Gβγ subunit-dependent
transactivation of EGFR, which occurs through the cleavage and
the release of heparan-bound EGF (HB-EGF) by metallopro-
teinases (MMPs) (13). Likewise, the stimulation of adenylyl cyclase
and the cAMP-mediated inhibition of the EGFR/ERK pathway
was evidenced in rapid responses to estrogenic signals medi-
ated by GPER in ER-negative breast cancer cells (20). Besides,
GPER regulates a typical gene signature as also ascertained in a
microarray analysis (12, 15). Some of these GPER target genes are
involved in the progression of breast malignancies, like c-fos which
is induced by both estrogens and anti-estrogens in ER-negative
breast cancer cells through the involvement of the EGFR/MAPK
signaling cascade (14, 15, 21, 22). Other genes induced by estrogens
and anti-estrogens through the GPER-dependent pathway are the
early growth response-1 (Egr-1) (15, 23) and the connective tissue
growth factor (CTGF), which is also up-regulated by insulin-like
growth factor I (IGF-I) and hypoxia through GPER (15, 21, 22,
24, 25). Similar results were obtained in cancer-associated fibrob-
lasts (CAFs) derived from breast cancer samples, suggesting that
the stimulatory action of GPER may also be elicited through these
key players of the tumor microenvironment (15, 26–28). In accor-
dance with these findings, a recent study highlighted the potential
of GPER to mediate the production of estradiol in breast CAFs
through the activation of the EGFR/ERK signaling (29).

A variety of phyto- and xeno-estrogens are able to stimulate
rapid protein kinases activation, cAMP production, and gene tran-
scription in breast cancer cells through GPER, as observed upon
estrogen and anti-estrogen exposure (14, 30–35). In this regard,
it should be noted that many of the aforementioned compounds
exhibit binding properties for both the classical ER and GPER,
albeit some ligands exert opposite functions through these recep-
tors. For instance, estriol elicits ERα agonism but GPER antag-
onism in breast cancer cells (21), conversely OHT acts as ERα

antagonist and GPER agonist (12). Therefore, the identification
of selective GPER ligands is needed toward a better characteri-
zation of the GPER signaling along with the assessment of the
specific biological responses mediated by each estrogen receptor
subtype. So far, the selective GPER agonists G-1 (36), as well as
GPER-L1 and GPER-L2 (37), allowed the evaluation of the poten-
tial role played by GPER in breast cancer cells (21, 38, 39). In
addition, antagonist ligands of GPER were recently identified,
further contributing to a better understanding of GPER action
in different cell contexts (19, 22, 40–43). Among these GPER
antagonists, the compound named MIBE (22) showed the pecu-
liar property to inhibit both GPER- and ER-mediated signaling.
In this regard, it should be highlighted that a complex interplay
between GPER and ERα has been involved in gene expression
changes toward breast cancer progression (44, 45). Therefore,
MIBE could be used as an innovative pharmacological approach
in order to target breast carcinomas, which express one or both
receptors at the beginning and/or following tumor progression,
hence ensuring major therapeutic benefits with respect to the use
of ER antagonists.

GPER-MEDIATED BIOLOGICAL FUNCTIONS IN BREAST
CANCER CELLS
The ligand activation of GPER signaling along with the up-
regulation of certain GPER target genes were involved in the
proliferation of breast cancer cells, supporting the opinion that
GPER may contribute to breast carcinogenesis (21, 22, 30, 33, 38).
Likewise, it has been reported that GPER activation stimulates
the migration of breast cancer cells through CTGF (15), cyclin E
(43), the notch pathway (46), and the CXC receptor-1 (CXCR1)
(47). Furthermore, GPER agonists were shown to promote the
invasion of inflammatory breast cancer cells (48) as well as breast
cancer cell adhesion through the calcium-dependent cysteine pro-
tease (calpain) activation (49), suggesting a potential of GPER
to facilitate the progression of metastatic processes. Supporting
the potential involvement of GPER in breast cancer progression,
its activation lead to certain deformations of breast glandular
structure that characterize the malignant transformation of breast
tissue (50). Moreover, GPER-dependent proliferation of non-
tumorigenic breast epithelial cells was recently assessed, suggesting
a role for GPER also in estrogen-induced breast physiology and
pathology (51).

The proliferation and migration of breast cancer cells and CAFs
were also evidenced upon growth factor- and hypoxia-induced up-
regulation of GPER expression (24, 42, 52, 53). Of note, many of
these studies have revealed a cross-talk between EGFR and GPER
as observed for other GPCRs (25, 45, 52, 54–56). In particular, the
ligand activation of the EGFR transduction pathway was shown to
trigger GPER expression in both ER-negative and -positive breast
cancer cells (45, 54). Collectively, these findings suggested that this
mechanism may extend the potential of EGFR to engage estro-
genic signals in breast tumor progression. Analogously, EGFR was
involved in the up-regulation of GPER expression by hypoxia in
breast cancer cells and CAFs, indicating that GPER may also play
a role in hypoxia-induced angiogenesis (25, 52). Moreover, the
IGF-I was shown to be able to stimulate the expression of GPER
through the IGF-IR/PKC/MAPK transduction pathway in breast
cancer cells (24). Altogether, the ability of EGFR and IGF-IR lig-
ands as well as hypoxia to regulate GPER expression and function
may be included among the molecular mechanisms leading to
cell proliferation, migration, tumor angiogenesis that are mainly
involved in breast cancer progression.

GPER IN BREAST CARCINOMAS AND ITS ROLE IN THE
TAMOXIFEN RESISTANCE
G-protein-coupled estrogen receptor-1 is widely expressed in
breast cancer cell lines and breast primary tumors (13, 15, 54, 57,
58). By using an immunohistochemical-based approach in breast
carcinomas, Filardo and coworkers originally demonstrated that
the expression of GPER correlates with clinical and pathological
biomarkers of poor outcome as HER-2, increased tumor size and
metastasis (59). In patients with GPER-positive tumors treated
with tamoxifen, GPER expression results increased while the over-
all survival of patients decreased, contrary to what observed in
patients who did not receive tamoxifen (18). Likewise, it has been
recently reported that GPER overexpression and plasma mem-
brane (PM) localization represent crucial events in breast can-
cer progression as well as the absence of PM GPER was found
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associated with long-term prognosis in tamoxifen-treated pri-
mary breast cancer (60). On the basis of these data, it could be
argued that the treatment with tamoxifen in breast cancer patients
expressing high levels of GPER should be carefully evaluated.

A number of in vitro studies suggested that targeting GPER
signaling as well as interfering with the up-regulation of GPER
may be a potential strategy to hamper the resistance to tamoxifen-
based endocrine therapy in breast tumors. The initial evidence on
the ability of OHT to exert agonistic activity toward GPER in var-
ious cancer cell lines, including breast carcinoma (14, 34, 61, 62)
suggested that classical anti-estrogenic agents may stimulate rather
than inhibit a subset of tamoxifen-resistant tumors. In this regard,
it should be pointed out that in endometrial cancer cells, GPER
mediates biological responses not only to tamoxifen but also other
SERMs like raloxifene and the ER antagonist ICI 182,780 (63),
hence revealing an additional mechanism which may be involved
in the increased risk of endometrial cancer in patients treated with
these compounds. Moreover, EGFR ligands were shown to up-
regulate GPER expression by activating the EGFR/ERK transduc-
tion pathway in ER-positive tamoxifen-resistant breast cancer cells,
indicating that the activation of EGFR signaling may contribute to
tamoxifen resistance at least in part by up-regulating GPER expres-
sion (45). In accordance with these findings, estrogen stimulation
of tamoxifen-resistant breast cancer cells led to the up-regulation
of GPER, which in turn increased the cell sensitivity and responses
to GPER agonists (17). Further corroborating these data, the GPER
antagonist G-15 was recently shown to improve the response to
endocrine treatment in tamoxifen-resistant xenografts (19).

GPER IN TRIPLE-NEGATIVE BREAST CANCER CELLS
Approximately, 15–20% of all breast carcinomas are included in
the subgroup of triple-negative breast cancer (TNBC) that are
characterized by the lack of ERα, progesterone receptor (PR), and
EGFR 2 (Her-2) (64). TNBCs, which include diverse subtypes with
high levels of molecular heterogeneity, affect younger women and
display aggressive biological features, a higher rate of recurrence,
and a worse clinical outcome with respect to other breast cancer
types (8, 65, 66). As well-defined clinical targets are still lacking, the
standard chemotherapy remains the treatment option for women
with TNBC, even though promising agents are currently under
evaluation in prevention trials (8).

Recently, GPER has been evaluated as a candidate biomarker
and putative mechanism for growth regulation of TNBCs. In par-
ticular, the knockdown of GPER expression was shown to prevent
the proliferation of TNBC cells as well as the EGFR activation and
c-fos expression induced by E2 and OHT (67). Next, a potential
role elicited by GPER in TNBCs was suggested by a retrospective
analysis demonstrating that GPER is prevalent in TNBCs, associ-
ated with young age and possible malignant recurrence (68). Taken
together, these data suggest that the inhibition of GPER might be
an appropriate targeted therapy in TNBC; however, future studies
are needed to further corroborate the above-mentioned findings.

CONTROVERSIES AND CONCLUDING REMARKS
Controversies still exist on the localization of GPER and its func-
tion, in particular the potential action as pro-apoptotic mediator.
Although GPER belongs to a cell surface receptor family, which

conventionally mediates transmembrane signaling of membrane-
impermeable ligands, numerous studies demonstrated that GPER
is detectable at the PM or intracellular levels in breast cancer cells
(54, 58, 63, 69, 70). Interestingly, it was demonstrated that GPER
localizes within the nucleus of breast CAFs through a translo-
cation mechanism that is regulated in an importin-dependent
manner (26, 27). These findings are in line with other observations
regarding many GPCRs, which were detected into diverse cellular
compartments (71–73). Although further studies are required to
better understand the role played by GPCRs in relation to their
localization, the subcellular detection of GPER may be involved in
its downstream signaling activity. For instance, it has been recently
demonstrated that the different localization of GPER could reflect
distinct biological features of breast tumors (74). In particular,
cytoplasmic GPER was associated with non-ductal histologic sub-
types of breast cancer, low tumor stage, and better histologic
differentiation, whereas nuclear GPER was associated with poorly
differentiated carcinomas and triple-negative subtypes (74).

A further debate on GPER regards its potential action to inter-
fere with the progression of breast cancer. For instance, the phe-
nolic compounds contained in olive oil named oleuropein and
hydroxytyrosol, were recently identified as GPER inverse agonists
displaying the ability to inhibit the G-1-induced proliferation of
ER-negative breast cancer cells (75). A long-term ERK1/2 acti-
vation was proposed to explain at least in part the apoptotic
effects induced by oleuropein and hydroxytyrosol, although fur-
ther mechanisms should be taken into account as the GPER
silencing did not completely abrogate the action of oleuropein
on cell viability (75). Likewise, previous studies evidenced the
capability of G-1 to abolish the growth of breast cancer cells acti-
vating pro-apoptotic signals (39, 76–78). In this context, it should
be mentioned that in MDA-MB 231 breast cancer cells lacking
or minimally expressing GPER (13, 14, 57), the treatment with
2 µM G-1 led to a suppression of cell growth, which persisted
also using the GPER antagonist G-15 (79). In accordance with
these findings, G-1 suppressed the proliferation of ovarian cancer
cells without the involvement of GPER, thus evidencing pro-
apoptotic properties that could be elicited in a GPER-independent
manner (80).

Further controversial observations have been reported on the
functional role exerted by GPER in the reproductive system, par-
ticularly in mouse models. For instance, GPER has been involved
in stimulating uterine epithelial proliferation in mice (40). How-
ever, GPER knockout mice did not displayed developmental or
functional defects in the reproductive organs (81, 82). Moreover,
G-1 treatment did not trigger proliferative responses in mammary
gland and endometrium in wild-type mice (82). Conversely, GPER
has been shown to regulate meiotic arrest in oocytes of the Atlantic
croaker and zebra fish (83, 84), the proliferative and apoptotic
pathways involved in spermatogenesis (44, 85, 86) during male
reproductive development, the estrogen-induced stimulation of
primordial follicle formation in the hamster ovary (87).

Despite the controversies regarding the role of GPER in breast
cancer, the in vitro and in vivo data available as well as the epidemi-
ological studies have ascertained that GPER may act as an estro-
gen receptor in different pathophysiological responses, including
breast cancer. GPER regulation and functions have also been

www.frontiersin.org May 2014 | Volume 5 | Article 66 | 3

http://www.frontiersin.org
http://www.frontiersin.org/Cancer_Endocrinology/archive


 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Lappano et al. GPER and breast cancer

involved in the resistance to tamoxifen in breast tumor patients,
thus therapeutic approaches targeting the GPER-mediated signal-
ing may be taken into account in setting innovative pharmacolog-
ical strategies, in particular to hamper the failure of classical anti-
estrogens in breast malignancy. The identification of further mol-
ecules targeting both estrogen receptor types is strongly required
to effectively reduce breast cancer incidence and recurrence.

ACKNOWLEDGMENTS
This work was supported by Associazione Italiana per la Ricerca
sul Cancro (AIRC, project no. 12849/2012), AIRC project Calabria
2011 (http://www.airc.it/), and Fondazione Cassa di Risparmio di
Calabria e Lucania.

REFERENCES
1. Ascenzi P, Bocedi A, Marino M. Structure-function relationship of estrogen

receptor alpha and beta: impact on human health. Mol Aspects Med (2006)
27:299–402. doi:10.1016/j.mam.2006.07.001

2. Davies C, Godwin J, Gray R, Clarke M, Cutter D, Darby S, et al. Relevance
of breast cancer hormone receptors and other factors to the efficacy of adju-
vant tamoxifen: patient-level meta-analysis of randomised trials. Early Breast
Cancer Trialists’ Collaborative Group (EBCTCG). Lancet (2011) 378:771–84.
doi:10.1016/S0140-6736(11)60993-8

3. Vogel VG, Costantino JP, Wickerham DL, Cronin WM, Cecchini RS, Atkins
JN, et al. Update of the national surgical adjuvant breast and bowel project
study of tamoxifen and raloxifene (STAR) P-2 trial: preventing breast cancer.
National surgical adjuvant breast and bowel project. Cancer Prev Res (Phila)
(2010) 3:696–706. doi:10.1158/1940-6207.CAPR-10-0076

4. Cummings SR, Ensrud K, Delmas PD, LaCroix AZ, Vukicevic S, Reid DM, et al.
Lasofoxifene in postmenopausal women with osteoporosis. PEARL Study Inves-
tigators. N Engl J Med (2010) 362:686–96. doi:10.1056/NEJMoa0808692

5. Haynes BP, Dowsett M, Miller WR, Dixon JM, Bhatnagar AS. The pharmacol-
ogy of letrozole. J Steroid Biochem Mol Biol (2003) 87:35–45. doi:10.1016/S0960-
0760(03)00384-4

6. Cuzick J, Powles T, Veronesi U, Forbes J, Edwards R, Ashley S, et al. Overview
of the main outcomes in breast-cancer prevention trials. Lancet (2003)
361:296–300. doi:10.1016/S0140-6736(03)12342-2

7. Richardson H, Johnston D, Pater J, Goss P. The National Cancer Institute of
Canada Clinical Trials Group MAP.3 trial: an international breast cancer pre-
vention trial. Curr Oncol (2007) 14:89–96. doi:10.3747/co.2007.117

8. den Hollander P, Savage MI, Brown PH. Targeted therapy for breast cancer
prevention. Front Oncol (2013) 3:250. doi:10.3389/fonc.2013.00250

9. Allred DC. Issues and updates: evaluating estrogen receptor-alpha, proges-
terone receptor, and HER2 in breast cancer. Mod Pathol (2010) 23:S52–9.
doi:10.1038/modpathol.2010.55

10. Belfiore A, Frasca F. IGF and insulin receptor signaling in breast cancer. J Mam-
mary Gland Biol Neoplasia (2008) 13:381–406. doi:10.1007/s10911-008-9099-z

11. Razandi M, Pedram A, Park ST, Levin ER, Oh P, Schnitzer J. Proximal events in
signaling by plasma membrane estrogen receptors ERs associate with and regu-
late the production of caveolin: implications for signalling and cellular actions.
J Biol Chem (2003) 278:2701–12. doi:10.1074/jbc.M205692200

12. Maggiolini M, Picard D. The unfolding stories of GPR30, a new membrane
bound estrogen receptor. J Endocrinol (2010) 204:105–14. doi:10.1677/JOE-09-
0242

13. 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 (2000) 14:1649–60. doi:10.1210/mend.14.
10.0532

14. 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

15. Pandey DP, Lappano R, Albanito L, Madeo A, Maggiolini M, Picard D. Estro-
genic GPR30 signalling induces proliferation and migration of breast cancer
cells through CTGF. EMBO J (2009) 28:523–32. doi:10.1038/emboj.2008.304

16. Wittliff JL. Steroid-hormone receptors in breast cancer. Cancer
(1984) 53:630–43. doi:10.1002/1097-0142(19840201)53:3+<630::AID-
CNCR2820531308>3.0.CO;2-3

17. Ignatov A, Ignatov T, Roessner A, Costa SD, Kalinski T. Role of GPR30 in the
mechanisms of tamoxifen resistance in breast cancer MCF-7 cells. Breast Cancer
Res Treat (2010) 123:87–96. doi:10.1007/s10549-009-0624-6

18. Ignatov A, Ignatov T, Weissenborn C, Eggemann H, Bischoff J, Semczuk A, et al.
G-protein-coupled estrogen receptor GPR30 and tamoxifen resistance in breast
cancer. Breast Cancer Res Treat (2011) 128:457–66. doi:10.1007/s10549-011-
1584-1

19. Mo Z, Liu M, Yang F, Luo H, Li Z, Tu G, et al. GPR30 as an initiator of tamox-
ifen resistance in hormone-dependent breast cancer. Breast Cancer Res (2013)
15:R114. doi:10.1186/bcr3581

20. 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 signal-
ing axis. Mol Endocrinol (2002) 16:70–84. doi:10.1210/me.16.1.70

21. 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

22. Lappano R, Santolla MF, Pupo M, Sinicropi MS, Caruso A, Rosano C, et al. MIBE
acts as antagonist ligand of both estrogen receptor α and GPER in breast cancer
cells. Breast Cancer Res (2012) 14:R12. doi:10.1186/bcr3096

23. Vivacqua A, Romeo E, De Marco P, De Francesco EM, Abonante S, Maggi-
olini M. GPER mediates the Egr-1 expression induced by 17β-estradiol and
4-hydroxitamoxifen in breast and endometrial cancer cells. Breast Cancer Res
Treat (2012) 133:1025–35. doi:10.1007/s10549-011-1901-8

24. 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

25. Recchia AG, De Francesco EM, Vivacqua A, Sisci D, Panno ML, Andò 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

26. Madeo A, Maggiolini M. Nuclear alternate estrogen receptor GPR30 medi-
ates 17beta-estradiol-induced gene expression and migration in breast cancer-
associated fibroblasts. Cancer Res (2010) 70:6036–46. doi:10.1158/0008-5472.
CAN-10-0408

27. Pupo M, Vivacqua A, Perrotta I, Pisano A, Aquila S, Abonante S, et al. The
nuclear localization signal is required for nuclear GPER translocation and func-
tion in breast cancer-associated fibroblasts (CAFs). Mol Cell Endocrinol (2013)
376:23–32. doi:10.1016/j.mce.2013.05.023

28. Santolla MF, Lappano R, De Marco P, Pupo M, Vivacqua A, Sisci D, et al. G
protein-coupled estrogen receptor mediates the up-regulation of fatty acid syn-
thase induced by 17β-estradiol in cancer cells and cancer-associated fibroblasts.
J Biol Chem (2012) 287:43234–45. doi:10.1074/jbc.M112.417303

29. Luo H, Yang G, Yu T, Luo S, Wu C, Sun Y, et al. GPER-mediated proliferation and
estradiol production in breast cancer associated fibroblasts. Endocr Relat Cancer
(2014) 21(2):355–69. doi:10.1530/ERC-13-0237

30. Lucki NC, Sewer MB. Genistein stimulates MCF-7 breast cancer cell growth
by inducing acid ceramidase (ASAH1) gene expression. J Biol Chem (2011)
286:19399–409. doi:10.1074/jbc.M110.195826

31. Kang K,Lee SB, Jung SH,Cha KH, Park WD, SohnYC, et al. Tectoridin, a poor lig-
and of estrogen receptor alpha, exerts its estrogenic effects via an ERK-dependent
pathway. Mol Cells (2009) 27:351–7. doi:10.1007/s10059-009-0045-8

32. Dong S, Terasaka S, Kiyama R. Bisphenol A induces a rapid activation of Erk1/2
through GPR30 in human breast cancer cells. Environ Pollut (2011) 159:212–8.
doi:10.1016/j.envpol.2010.09.004

33. Pupo M, Pisano A, Lappano R, Santolla MF, De Francesco EM, Abonante S, et al.
Bisphenol A induces gene expression changes and proliferative effects through
GPER in breast cancer cells and cancer-associated fibroblasts. Environ Health
Perspect (2012) 120:1177–82. doi:10.1289/ehp.1104526

34. Thomas P, Pang Y, Filardo EJ, Dong J. Identity of an estrogen membrane recep-
tor coupled to a G protein in human breast cancer cells. Endocrinology (2005)
146:624–32. doi:10.1210/en.2004-1064

35. Thomas P, Dong I. Binding and activation of the seven-transmembrane estro-
gen receptor GPR30 by environmental estrogens: a potential novel mecha-
nism of endocrine disruption. J Steroid Biochem Mol Biol (2006) 102:175–9.
doi:10.1016/j.jsbmb.2006.09.017

Frontiers in Endocrinology | Cancer Endocrinology May 2014 | Volume 5 | Article 66 | 4

http://www.airc.it/
http://dx.doi.org/10.1016/j.mam.2006.07.001
http://dx.doi.org/10.1016/S0140-6736(11)60993-8
http://dx.doi.org/10.1158/1940-6207.CAPR-10-0076
http://dx.doi.org/10.1056/NEJMoa0808692
http://dx.doi.org/10.1016/S0960-0760(03)00384-4
http://dx.doi.org/10.1016/S0960-0760(03)00384-4
http://dx.doi.org/10.1016/S0140-6736(03)12342-2
http://dx.doi.org/10.3747/co.2007.117
http://dx.doi.org/10.3389/fonc.2013.00250
http://dx.doi.org/10.1038/modpathol.2010.55
http://dx.doi.org/10.1007/s10911-008-9099-z
http://dx.doi.org/10.1074/jbc.M205692200
http://dx.doi.org/10.1677/JOE-09-0242
http://dx.doi.org/10.1677/JOE-09-0242
http://dx.doi.org/10.1210/mend.14.10.0532
http://dx.doi.org/10.1210/mend.14.10.0532
http://dx.doi.org/10.1074/jbc.M403588200
http://dx.doi.org/10.1038/emboj.2008.304
http://dx.doi.org/10.1002/1097-0142(19840201)53:3+<630::AID-CNCR2820531308>3.0.CO;2-3
http://dx.doi.org/10.1002/1097-0142(19840201)53:3+<630::AID-CNCR2820531308>3.0.CO;2-3
http://dx.doi.org/10.1007/s10549-009-0624-6
http://dx.doi.org/10.1007/s10549-011-1584-1
http://dx.doi.org/10.1007/s10549-011-1584-1
http://dx.doi.org/10.1186/bcr3581
http://dx.doi.org/10.1210/me.16.1.70
http://dx.doi.org/10.1016/j.mce.2010.02.006
http://dx.doi.org/10.1186/bcr3096
http://dx.doi.org/10.1007/s10549-011-1901-8
http://dx.doi.org/10.1038/onc.2012.97
http://dx.doi.org/10.1074/jbc.M110.172247
http://dx.doi.org/10.1158/0008-5472.CAN-10-0408
http://dx.doi.org/10.1158/0008-5472.CAN-10-0408
http://dx.doi.org/10.1016/j.mce.2013.05.023
http://dx.doi.org/10.1074/jbc.M112.417303
http://dx.doi.org/10.1530/ERC-13-0237
http://dx.doi.org/10.1074/jbc.M110.195826
http://dx.doi.org/10.1007/s10059-009-0045-8
http://dx.doi.org/10.1016/j.envpol.2010.09.004
http://dx.doi.org/10.1289/ehp.1104526
http://dx.doi.org/10.1210/en.2004-1064
http://dx.doi.org/10.1016/j.jsbmb.2006.09.017
http://www.frontiersin.org/Cancer_Endocrinology
http://www.frontiersin.org/Cancer_Endocrinology/archive


 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Lappano et al. GPER and breast cancer

36. 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

37. Lappano R, Rosano C, Santolla MF, Pupo M, De Francesco EM, De Marco P,
et al. Two novel GPER agonists induce gene expression changes and growth
effects in cancer cells. Curr Cancer Drug Targets (2012) 12:531–42. doi:10.2174/
156800912800673284

38. Albanito L,Madeo A,Lappano R,Vivacqua A,RagoV,Carpino A,et al. G protein-
coupled receptor 30 (GPR30) mediates gene expression changes and growth
response to 17beta-estradiol and selective GPR30 ligand G-1 in ovarian cancer
cells. Cancer Res (2007) 67:1859–66. doi:10.1158/0008-5472.CAN-06-2909

39. Ariazi EA, Brailoiu E, Yerrum S, Shupp HA, Slifker MJ, Cunliffe HE, et al. The
G protein-coupled receptor GPR30 inhibits proliferation of estrogen receptor-
positive breast cancer cells. Cancer Res (2010) 70:1184–94. doi:10.1158/0008-
5472.CAN-09-3068

40. 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) 5:421–7. doi:10.1038/
nchembio.168

41. Dennis MK, Field AS, Burai R, Ramesh C, Petrie WK, Bologa CG, et al. Identifi-
cation of a GPER/GPR30 antagonist with improved estrogen receptor counter-
selectivity. J Steroid Biochem Mol Biol (2011) 127:358–66. doi:10.1016/j.jsbmb.
2011.07.002

42. Ruan SQ,Wang ZH,Wang SW, Fu ZX, Xu KL, Li DB, et al. Heregulin-β1-induced
GPR30 upregulation promotes the migration and invasion potential of SkBr3
breast cancer cells via ErbB2/ErbB3-MAPK/ERK pathway. Biochem Biophys Res
Commun (2012) 420:385–90. doi:10.1016/j.bbrc.2012.03.004

43. Li Y, Chen Y, Zhu ZX, Liu XH, Yang L, Wan L, et al. 4-Hydroxytamoxifen-
stimulated processing of cyclin E is mediated via G protein-coupled receptor
30 (GPR30) and accompanied by enhanced migration in MCF-7 breast cancer
cells. Toxicology (2013) 309:61–5. doi:10.1016/j.tox.2013.04.012

44. Sirianni R, Chimento A, Ruggiero C, De Luca A, Lappano R, Andò S, et al. The
novel estrogen receptor, G protein-coupled receptor 30, mediates the prolifer-
ative effects induced by 17beta-estradiol on mouse spermatogonial GC-1 cell
line. Endocrinology (2008) 149:5043–51. doi:10.1210/en.2007-1593

45. Vivacqua A, Lappano R, De Marco P, Sisci D, Aquila S, De Amicis F, et al. G
protein-coupled receptor 30 expression is up-regulated by EGF and TGF alpha in
estrogen receptor alpha-positive cancer cells. Mol Endocrinol (2009) 23:1815–26.
doi:10.1210/me.2009-0120

46. 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

47. Jiang QF, Wu TT, Yang JY, Dong CR, Wang N, Liu XH, et al. 17β-estradiol pro-
motes the invasion and migration of nuclear estrogen receptor-negative breast
cancer cells through cross-talk between GPER1 and CXCR1. J Steroid Biochem
Mol Biol (2013) 138:314–24. doi:10.1016/j.jsbmb.2013.07.011

48. Ohshiro K, Schwartz AM, Levine PH, Kumar R. Alternate estrogen receptors pro-
mote invasion of inflammatory breast cancer cells via non-genomic signaling.
PLoS One (2012) 7:e30725. doi:10.1371/journal.pone.0030725

49. Chen Y, Li Z, He Y, Shang D, Pan J, Wang H, et al. Estrogen and pure antiestro-
gen fulvestrant (ICI 182 780) augment cell-matrigel adhesion of MCF-7 breast
cancer cells through a novel G protein coupled estrogen receptor (GPR30)-to-
calpain signaling axis. Toxicol Appl Pharmacol (2014) 275(2):176–81. doi:10.
1016/j.taap.2014.01.005

50. Marchese S,Silva E. Disruption of 3D MCF-12A breast cell cultures by estrogens–
an in vitro model for ER-mediated changes indicative of hormonal carcinogen-
esis. PLoS One (2012) 7(10):e45767. doi:10.1371/journal.pone.0045767

51. Scaling AL,Prossnitz ER,Hathaway HJ. GPER mediates estrogen-induced signal-
ing and proliferation in human breast epithelial cells and normal and malignant
breast. Horm Cancer (2014). doi:10.1007/s12672-014-0174-1

52. 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

53. Ruan SQ, Wang SW, Wang ZH, Zhang SZ. Regulation of HRG-β1-induced pro-
liferation, migration and invasion of MCF-7 cells by upregulation of GPR30
expression. Mol Med Rep (2012) 6:131–8. doi:10.3892/mmr.2012.874

54. 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

55. Lappano R, De Marco P, De Francesco EM, Chimento A, Pezzi V, Maggiolini M.
Cross-talk between GPER and growth factor signaling. J Steroid Biochem Mol
Biol (2013) 137:50–6. doi:10.1016/j.jsbmb.2013.03.005

56. Lappano R, Maggiolini M. G protein-coupled receptors: novel targets for
drug discovery in cancer. Nat Rev Drug Discov (2011) 10:47–60. doi:10.1038/
nrd3320

57. 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

58. Revankar CM, Cimino DF, Sklar LA, Arterburn JB, Prossnitz ER. A trans-
membrane intracellular estrogen receptor mediates rapid cell signaling. Science
(2005) 307:1625–30. doi:10.1126/science.1106943

59. Filardo EJ, Graeber CT, Quinn JA, Resnick MB, Giri D, DeLellis RA, et al. Dis-
tribution of GPR30, a seven membrane-spanning estrogen receptor, in primary
breast cancer and its association with clinicopathologic determinants of tumor
progression. Clin Cancer Res (2006) 12:6359–66. doi:10.1158/1078-0432.CCR-
06-0860

60. Sjöström M, Hartman L, Grabau D, Fornander T, Malmström P, Nordenskjöld B,
et al. Lack of G protein-coupled estrogen receptor (GPER) in the plasma mem-
brane is associated with excellent long-term prognosis in breast cancer. Breast
Cancer Res Treat (2014) 145:61–71. doi:10.1007/s10549-014-2936-4

61. Vivacqua A, Bonofiglio D, Albanito L, Madeo A, Rago V, Carpino A, et al. 17Beta-
estradiol, genistein, and 4-hydroxytamoxifen induce the proliferation of thyroid
cancer cells through the g protein-coupled receptor GPR30. Mol Pharmacol
(2006) 70:1414–23. doi:10.1124/mol.106.026344

62. Vivacqua A, Bonofiglio D, Recchia AG, Musti AM, Picard D, Andò S, et al. The
G protein-coupled receptor GPR30 mediates the proliferative effects induced
by 17beta-estradiol and hydroxytamoxifen in endometrial cancer cells. Mol
Endocrinol (2006) 20:631–46. doi:10.1210/me.2005-0280

63. Petrie WK, Dennis MK, Hu C, Dai D, Arterburn JB, Smith HO, et al. G protein-
coupled estrogen receptor-selective ligands modulate endometrial tumor
growth. Obstet Gynecol Int (2013) 2013:472720. doi:10.1155/2013/472720

64. Chen JQ, Russo J. ERalpha-negative and triple negative breast cancer: molecu-
lar features and potential therapeutic approaches. Biochim Biophys Acta (2009)
1796:162–75. doi:10.1016/j.bbcan.2009.06.003

65. Dent R, Trudeau M, Pritchard KI, Hanna WM, Kahn HK, Sawka CA, et al. Triple-
negative breast cancer: clinical features and patterns of recurrence. Clin Cancer
Res (2007) 13:4429–34. doi:10.1158/1078-0432.CCR-06-3045

66. Perou CM, Sørlie T, Eisen MB, van de Rijn M, Jeffrey SS, Rees CA, et al.
Molecular portraits of human breast tumours. Nature (2000) 406:747–52.
doi:10.1038/35021093

67. 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

68. Steiman J, Peralta EA, Louis S, Kamel O. Biology of the estrogen recep-
tor, GPR30, in triple negative breast cancer. Am J Surg (2013) 206:698–703.
doi:10.1016/j.amjsurg.2013.07.014

69. Filardo EJ, 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

70. Sandén C, Broselid S, Cornmark L, Andersson K, Daszkiewicz-Nilsson J,
Mårtensson UE, et al. G protein-coupled estrogen receptor 1/G protein-coupled
receptor 30 localizes in the plasma membrane and traffics intracellularly on
cytokeratin intermediate filaments. Mol Pharmacol (2011) 79:400–10. doi:10.
1124/mol.110.069500

71. Gobeil F, Fortier A, Zhu T, Bossolasco M, Leduc M, Grandbois M, et al. G-
protein-coupled receptors signalling at the cell nucleus: an emerging paradigm.
Can J Physiol Pharmacol (2006) 84:287–97. doi:10.1139/y05-127

72. Chotani MA, Flavahan NA. Intracellular α2C-adrenoceptors: storage depot,
stunted development or signaling domain? Biochim Biophys Acta (2011)
1813:1495–503. doi:10.1016/j.bbamcr.2011.05.006

73. Yu J, Deliu E, Zhang XQ, Hoffman NE, Carter RL, Grisanti LA, et al. Differ-
ential activation of cultured neonatal cardiomyocytes by plasmalemmal versus
intracellular G protein-coupled receptor 55. J Biol Chem (2013) 288:22481–92.
doi:10.1074/jbc.M113.456178

www.frontiersin.org May 2014 | Volume 5 | Article 66 | 5

http://dx.doi.org/10.1038/nchembio775
http://dx.doi.org/10.2174/156800912800673284
http://dx.doi.org/10.2174/156800912800673284
http://dx.doi.org/10.1158/0008-5472.CAN-06-2909
http://dx.doi.org/10.1158/0008-5472.CAN-09-3068
http://dx.doi.org/10.1158/0008-5472.CAN-09-3068
http://dx.doi.org/10.1038/nchembio.168
http://dx.doi.org/10.1038/nchembio.168
http://dx.doi.org/10.1016/j.jsbmb.2011.07.002
http://dx.doi.org/10.1016/j.jsbmb.2011.07.002
http://dx.doi.org/10.1016/j.bbrc.2012.03.004
http://dx.doi.org/10.1016/j.tox.2013.04.012
http://dx.doi.org/10.1210/en.2007-1593
http://dx.doi.org/10.1210/me.2009-0120
http://dx.doi.org/10.1016/j.biocel.2013.11.011
http://dx.doi.org/10.1016/j.jsbmb.2013.07.011
http://dx.doi.org/10.1371/journal.pone.0030725
http://dx.doi.org/10.1016/j.taap.2014.01.005
http://dx.doi.org/10.1016/j.taap.2014.01.005
http://dx.doi.org/10.1371/journal.pone.0045767
http://dx.doi.org/10.1007/s12672-014-0174-1
http://dx.doi.org/10.1186/bcr3458
http://dx.doi.org/10.3892/mmr.2012.874
http://dx.doi.org/10.1210/en.2008-0117
http://dx.doi.org/10.1016/j.jsbmb.2013.03.005
http://dx.doi.org/10.1038/nrd3320
http://dx.doi.org/10.1038/nrd3320
http://dx.doi.org/10.1006/geno.1997.4972
http://dx.doi.org/10.1126/science.1106943
http://dx.doi.org/10.1158/1078-0432.CCR-06-0860
http://dx.doi.org/10.1158/1078-0432.CCR-06-0860
http://dx.doi.org/10.1007/s10549-014-2936-4
http://dx.doi.org/10.1124/mol.106.026344
http://dx.doi.org/10.1210/me.2005-0280
http://dx.doi.org/10.1155/2013/472720
http://dx.doi.org/10.1016/j.bbcan.2009.06.003
http://dx.doi.org/10.1158/1078-0432.CCR-06-3045
http://dx.doi.org/10.1038/35021093
http://dx.doi.org/10.1007/s10549-012-1968-x
http://dx.doi.org/10.1016/j.amjsurg.2013.07.014
http://dx.doi.org/10.1210/en.2006-1605
http://dx.doi.org/10.1124/mol.110.069500
http://dx.doi.org/10.1124/mol.110.069500
http://dx.doi.org/10.1139/y05-127
http://dx.doi.org/10.1016/j.bbamcr.2011.05.006
http://dx.doi.org/10.1074/jbc.M113.456178
http://www.frontiersin.org
http://www.frontiersin.org/Cancer_Endocrinology/archive


 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Lappano et al. GPER and breast cancer

74. Samartzis EP, Noske A, Meisel A, Varga Z, Fink D, Imesch P. The G protein-
coupled estrogen receptor (GPER) is expressed in two different subcellular local-
izations reflecting distinct tumor properties in breast cancer. PLoS One (2014)
9:e83296. doi:10.1371/journal.pone.0083296

75. Chimento A, Casaburi I, Rosano C, Avena P, De Luca A, Campana C, et al. Oleu-
ropein and hydroxytyrosol activate GPER/GPR30-dependent pathways leading
to apoptosis of ER-negative SKBR3 breast cancer cells. Mol Nutr Food Res (2013)
58(3):478–89. doi:10.1002/mnfr.201300323

76. Broselid S, Cheng B, Sjöström M, Lövgren K, Klug-De Santiago HL, Belting
M, et al. G protein-coupled estrogen receptor is apoptotic and correlates with
increased distant disease-free survival of estrogen receptor-positive breast can-
cer patients. Clin Cancer Res (2013) 19:1681–92. doi:10.1158/1078-0432.CCR-
12-2376

77. Weißenborn C, Ignatov T, Ochel HJ, Costa SD, Zenclussen AC, Ignatova Z, et al.
GPER functions as a tumor suppressor in triple-negative breast cancer cells.
J Cancer Res Clin Oncol (2014) 140(5):713–23. doi:10.1007/s00432-014-1620-8

78. Weißenborn C, Ignatov T, Poehlmann A, Wege AK, Costa SD, Zenclussen AC,
et al. GPER functions as a tumor suppressor in MCF-7 and SK-BR-3 breast can-
cer cells. J Cancer Res Clin Oncol (2014) 140(4):663–71. doi:10.1007/s00432-
014-1598-2

79. Wang C, Lv X, Jiang C, Davis JS. The putative G-protein coupled estrogen recep-
tor agonist G-1 suppresses proliferation of ovarian and breast cancer cells in a
GPER-independent manner. Am J Transl Res (2012) 4:390–402.

80. Wang C, Lv X, He C, Hua G, Tsai MY, Davis JS. The G-protein-coupled estro-
gen 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

81. 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

82. Otto C, Fuchs I,Kauselmann G,Kern H,Zevnik B,Andreasen P,et al. GPR30 does
not mediate estrogenic responses in reproductive organs in mice. Biol Reprod
(2009) 80:34–41. doi:10.1095/biolreprod.108.071175

83. Peyton C, Thomas P. Involvement of epidermal growth factor receptor sig-
naling in estrogen inhibition of oocyte maturation mediated through the

G-protein-coupled estrogen receptor (GPER) in zebrafish (Danio rerio). Biol
Reprod (2011) 85:42–50. doi:10.1095/biolreprod.110.088765

84. Pang Y, Dong J, Thomas P. Estrogen signaling characteristics of Atlantic
croaker G-protein-coupled receptor 30 (GPR30) and evidence it is involved
in maintenance of oocyte meiotic arrest. Endocrinology (2008) 149:3410–26.
doi:10.1210/en.2007-1663

85. Chimento A, Sirianni R, Delalande C, Silandre D, Bois C, Andò S, et al. 17
Beta-estradiol activates rapid signaling pathways involved in rat pachytene sper-
matocytes apoptosis through GPR30 and ER alpha. Mol Cell Endocrinol (2010)
320:136–44. doi:10.1016/j.mce.2010.01.035

86. Chimento A, Sirianni R, Zolea F, Bois C, Delalande C, Andò S, et al. GPER and
ESRs are expressed in rat round spermatids and mediate oestrogen-dependent
rapid pathways modulating expression of cyclin B1 and Bax. Int J Androl (2011)
34:420–9. doi:10.1111/j.1365-2605.2010.01100.x

87. Wang C, Prossnitz ER, Roy SK. G-protein-coupled receptor 30 expression is
required for estrogen stimulation of primordial follicle formation in the hamster
ovary. Endocrinology (2008) 149:4452–61. doi:10.1210/en.2008-0441

Conflict of Interest Statement: 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.

Received: 07 March 2014; accepted: 17 April 2014; published online: 06 May 2014.
Citation: Lappano R, Pisano A and Maggiolini M (2014) GPER function in breast
cancer: an overview. Front. Endocrinol. 5:66. doi: 10.3389/fendo.2014.00066
This article was submitted to Cancer Endocrinology, a section of the journal Frontiers
in Endocrinology.
Copyright © 2014 Lappano, Pisano and Maggiolini. This is an open-access article dis-
tributed 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) or licensor 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 | Cancer Endocrinology May 2014 | Volume 5 | Article 66 | 6

http://dx.doi.org/10.1371/journal.pone.0083296
http://dx.doi.org/10.1002/mnfr.201300323
http://dx.doi.org/10.1158/1078-0432.CCR-12-2376
http://dx.doi.org/10.1158/1078-0432.CCR-12-2376
http://dx.doi.org/10.1007/s00432-014-1620-8
http://dx.doi.org/10.1007/s00432-014-1598-2
http://dx.doi.org/10.1007/s00432-014-1598-2
http://dx.doi.org/10.1038/cddis.2013.397
http://dx.doi.org/10.1038/cddis.2013.397
http://dx.doi.org/10.1210/en.2008-1488
http://dx.doi.org/10.1095/biolreprod.108.071175
http://dx.doi.org/10.1095/biolreprod.110.088765
http://dx.doi.org/10.1210/en.2007-1663
http://dx.doi.org/10.1016/j.mce.2010.01.035
http://dx.doi.org/10.1111/j.1365-2605.2010.01100.x
http://dx.doi.org/10.1210/en.2008-0441
http://dx.doi.org/10.3389/fendo.2014.00066
http://creativecommons.org/licenses/by/3.0/
http://www.frontiersin.org/Cancer_Endocrinology
http://www.frontiersin.org/Cancer_Endocrinology/archive

	GPER function in breast cancer: an overview
	Introduction
	GPER signaling in breast cancer cells
	GPER-mediated biological functions in breast cancer cells
	GPER in breast carcinomas and Its role in the tamoxifen resistance
	GPER in triple-negative breast cancer cells
	Controversies and concluding remarks
	Acknowledgments
	References


