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Chapter 5
The Role of GPER Signaling 
in Carcinogenesis: A Focus on Prostate Cancer

Marília I. Figueira, Henrique J. Cardoso, and Sílvia Socorro

Abstract The G protein-coupled estrogen receptor, GPER, also known as GPR30, 
belongs to the seven transmembrane receptor superfamily and is involved in the 
rapid non-genomic estrogenic responses. Nevertheless, GPER regulation of tran-
scriptional activity also has been reported. GPER downstream signaling includes 
the activation of the phosphatidylinositol 3-kinase (PI3K)/Akt and mitogen- 
activated protein kinase (MAPK) pathways, the stimulation of adenylyl cyclase, and 
the mobilization of intracellular calcium. Over the last decade, the discovery of 
GPER specific agonists and antagonists has been crucial to understand its physio-
logical functions, mechanisms of action and its putative usefulness as a therapeutic 
target. The GPER seems to have an important role in endocrine, reproductive, 
immune, nervous, and cardiovascular systems, and alterations in its expression or 
activity have been associated with several pathological conditions such as cardio-
vascular diseases, obesity, diabetes, Parkinson, stroke, and cancer. GPER has been 
linked with the carcinogenic process, though some ambiguity exists concerning its 
protective or causative role in different tissues, or even in the same tissue. This 
chapter summarizes the existent knowledge concerning the structural and molecular 
aspects of GPER, its known ligands and activated pathways, as well as its role over 
the known hallmarks of cancer: exacerbated proliferation, resistance to apoptosis, 
stimulated migration and invasion, induction of angiogenesis, and the metabolic 
reprogramming. A special focus will be given to prostate cancer.
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 Introduction

Estrogens are very important hormones playing a determinant role in mammalian 
biology by its wide action regulating several processes in a great variety of tissues. 
As all hormones, estrogens act through specific receptors that after recognizing and 
binding their ligands transmit the information to downstream effectors. The estro-
gen receptor α (ERα) was the first ER to be known in 1973 [1]; and was more than 
two decades after in 1996, that a second ER, the ERβ, was described [2]. Since then, 
several isoforms of ERα and ERβ have been identified known to have tissue specific 
functions or acting as negative regulators of full-length ERs, namely, the ERα-A-E, 
the ERα36 and the ERβ1–5 [3–9]. The ERα and ERβ are known as the classical ERs 
exerting their actions as transcription factors and regulating the gene expression 
network in target tissues [10]. Generally, after ligand binding in the cytoplasm, hor-
mone–receptor complexes are translocated to the nucleus, where they dimerize and 
bind DNA modulating gene expression. Other alternative mechanisms of estrogens 
actions have been described, such as, the interaction of ERs with other transcription 
factors, and the hormone independent receptor phosphorylation and activation [11, 
12]. In addition to the genomic actions, classical ERs also can trigger non-genomic 
actions. It has been described that ERs can associate with the cell membrane and 
lead to the activation of protein kinase signaling pathways, or cross-talk with the 
intracellular secondary messengers produced in response to the activation of G 
protein- coupled receptors (GPCRs) [11, 12].

The landscape of estrogens signaling has gained increasing interest and com-
plexity with the report of the G protein-coupled estrogen receptor (GPER), origi-
nally known as GPR30 [13]. GPER is a member of the GPCRs superfamily, and 
thus, displays the typical seven transmembrane helices and predominant location at 
the cell membrane (Fig. 5.1) [14].

GPER expression has been found in multiple tissues and systems, including ner-
vous, cardiovascular, gastrointestinal, immune, urinary and reproductive systems, 
and bone among others [15–19]. GPER is responsible for mediating the non- 
genomic actions of estrogens and is involved in the control of many biological pro-
cesses. Its important role in several diseases including stroke, Parkinson, diabetes, 
cardiac diseases, bone diseases, epilepsy, autoimmune diseases, infection, and can-
cer has been suggested [20–32]. Concerning cancer, GPER has been detected in 
many types of tumors, including breast, ovarian, endometrial, prostate, testis, lung, 
thyroid, and others [33–38]. Also, its role in cancer development as a causative 
agent and associated with tumors aggressiveness, or as a tumor suppressor has been 
debated in the available literature [39, 40].

In this chapter, the molecular and structural aspects of GPER, as well as, its 
ligands, signaling activated pathways, and downstream effectors will be pre-
sented. Moreover, the GPER expression in cancer cases, and its role modulating 
the typical features of cancer cells will be discussed, with a special focus on pros-
tate cancer (PCa).
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 Structural, Molecular and Cellular Aspects of GPER

The “life history” of GPER has begun some time ago, when it aroused from the 
shadows, like a ghost. Before the biochemical and structural characterization of 
GPER, researchers just have known about the possibility of alternative estrogens’ 

Fig. 5.1 Schematic 
representation of the 
human GPER: structural 
and molecular aspects. (a) 
Localization of GPER gene 
in the chromosome 7 and 
its structure consisting of 
three exons, with the 
coding region encoded by 
a single exon, the exon 3. 
(b) Structure of the GPER 
protein with the typical 
seven transmembrane 
α-helical regions, and the 
four extracellular and four 
cytosolic segments. The 
N-terminus is extracellular 
whereas the C-terminus is 
cytosolic
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actions via non-genomic signaling mechanisms producing rapid cell effects. Over 
the years, as an attempt to explain the estrogenic effects in a time-frame not compat-
ible with gene transcription and de novo protein synthesis, many theories were pro-
posed concerning the existence of a membrane-bound ER [41, 42]. Amongst other 
hypotheses, it was shown that the classical nuclear ERs, the ERα and ERβ, were 
able to be translocated to the cell membrane through several mechanisms that 
involve post-translational modifications, such as palmitoylation or phosphorylation, 
interaction with caveolin-1, binding to adaptor and co-regulator molecules, and also 
the association with G proteins [43–45]. It was only later on that the idea of estro-
gens binding a GPCR at cell membrane has emerged [46]. At the end of 1990s 
several independent groups aimed at identifying a new GPCR characterized by its 
reduced homology to other GPCRs [14, 47–51], and for which no ligand was 
known. This orphan receptor was named GPR30, even before 17β-estradiol (E2) has 
been identified as its ligand. Indeed, it was only a few years later that the “fate” of 
this orphan receptor has changed after the demonstration that it binds E2 with the 
activation of downstream signaling pathways [13, 52–54]. This lead the scientific 
community to rename the GPR30 that started to be known as GPER, a designation 
formally established by the International Union of Basic and Clinical Pharmacology 
in 2007 [55]. Even so, GPER’s “life” has been anything but consensual, and still 
today some groups question its role as an ER [56, 57].

The GPER is a member of the rhodopsin-like receptor superfamily highly 
homologous to the interleukin 8 receptor, and the angiotensin II receptor type 1 
[47–50].

The human GPER gene is located on chromosome 7p22.3, and contains three 
exons (Fig. 5.1a), with the open reading frame of 1126 base pairs encoded by a 
single exon, the exon 3 [58]. As a GPCR, the GPER has a structure encompassing 
seven transmembrane α-helical regions, and four extracellular and four cytosolic 
segments (Fig. 5.1), which spans 375 amino acids and has a theoretical molecular 
mass of approximately 41 kDa [14, 15, 59]. The extracellular N-terminus has aspar-
tic acid residues in its terminal region, which are targets for glycosylation; the 
C-terminal end is cytosolic [14, 15, 59]. Thus, ligand binding and receptor activa-
tion occur by interaction with the N-terminal domain, and the heterotrimeric G pro-
tein complex has been shown to bind the third loop of the intracellular domain 
(Fig. 5.1) [60, 61]. A PDZ domain located at the C-terminal region of GPER seems 
to be important for receptor location at cell membrane by its interaction with other 
plasma membrane proteins, namely, membrane-associated guanylate kinases and 
protein kinase A-anchoring protein 5 [14, 15, 62]. The C-terminal region also par-
ticipates in receptor desensitization and internalization depending on phosphoryla-
tion by G protein-coupled receptor kinases [14, 15, 59]. Recently, a biosensor-based 
approach identified four distinct calmodulin-binding domains in the GPER protein 
[63, 64], though the effect of calmodulin regulating GPER-dependent signaling is at 
the moment unknown.

Although GPER was firstly identified as a membrane receptor, the question of its 
subcellular localization has deserved intense discussion. Several references exist 
indicating the presence of GPER in the endoplasmic reticulum, the Golgi apparatus, 
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and also in the nucleus (Fig. 5.2) [54, 65–71]. The GPER expression in the endo-
plasmic reticulum and Golgi complex could be attributed at a first glance to the 
process of protein receptor synthesis and intracellular traffic before its translocation 
to the cell membrane. In fact, the GPER detected at the plasma membrane seems to 
be translocated from the cytoplasm 1 h after E2 stimulation, which also suggests that 
GPER activation is triggered at the cell membrane [54, 65]. However, some research 
groups defend that the GPER at the endoplasmic reticulum is signaling-active medi-
ating cell responses by the mobilization of intracellular calcium (Ca2+) [52], though 

Fig. 5.2 GPER subcellular localization. The receptor has been shown to be localized at the cell 
membrane and/or also in the endoplasmic reticulum and nucleus. Although not a consensual mat-
ter, there are reports indicating that E2 can interact with a signaling-active GPER at endoplasmic 
reticulum promoting cell responses [54, 65–71]. The Src, metalloproteinases (MMPs), calcium 
(Ca2+), and cAMP/protyein kinase A (PKA) mediated signaling pathways are detailed throughout 
the text and in Fig. 5.3. The GPER, as other GPCRs, enters the constitutive endocytic pathway but 
it is not recycled to the plasma membrane being instead accumulated in the endoplasmic reticulum 
and perinuclear region [72, 73]
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this is not a consensual matter. Concerning the nuclear location, besides its con-
firmed presence at the nuclear membrane [35, 67], it was recently shown that the 
GPER protein has a nuclear localization signal required for its nuclear translocation 
by an importin-dependent mechanism [69]. Moreover, the nuclear localization of 
GPER also seems to be induced by E2, and is associated with the regulation of gene 
transcription and promotion of physiological effects [69, 70]. Another study reported 
that GPER activation at the plasma membrane with the stimulation of cAMP pro-
duction is followed by receptor internalization and intracellular localization in asso-
ciation with the cytokeratin intermediate filaments [68].

It is also of worth note the constitutive retrograde transport of GPER from the 
plasma membrane towards the endosomal compartment (Fig. 5.2). Endocytosis is a 
common feature of GPCRs after ligand binding and activation to avoid excessive 
signaling. However, GPER endocytosis has some particularities. In contrast with 
other GPCRs that usually are degraded in lysosomes, the endocytosed GPER returns 
to the trans-Golgi network and undergoes ubiquitin-mediated proteasomal degrada-
tion [72–74]. Recently, it was shown that the Na+/H+ exchanger regulatory factor 
(NHERF1) can improve GPER stability by inhibiting its degradation through the 
ubiquitin-proteasome pathway [75].

Also in opposition with other GPCRs that after endocytosis are recycled to the 
plasma membrane, GPER enters early and recycling endosomes, but do not follows 
the plasma membrane route, and instead accumulates in the endoplasmic reticulum 
and perinuclear region [72, 73]. Interestingly, it has been proposed that GPER may 
mediate endocytic intracellular signaling linked to its constitutive endocytosis activ-
ity, which may be dependent on the PDZ domain that forms receptor complexes 
able to influence receptor dimerization, signaling and/or endocytosis [73]. 
Nevertheless, there is much to know about the factors that determine the preferred 
location of GPER at cell specific compartments, and its implications in intracellular 
signaling. The details and comprehensive analysis of the GPER signaling pathways 
will be explored in the following section of this chapter.

 Overview of GPER Signaling Pathways

GPER is widely associated with the non-genomic effects of estrogens and estrogen- 
like substances, which are generally characterized as being: (1) very rapid, in min-
utes or even seconds; (2) insensitive to DNA transcription and protein synthesis 
inhibitors; and (3) activated by steroids coupled to high-molecular-weight mole-
cules, such as bovine serum albumin (BSA), and thus incapable of cross the plasma 
membrane. GPER-mediated responses have been described in various cell types 
and involve several molecular targets and signaling pathways (Fig. 5.3), including, 
the mobilization of second messengers, such as Ca2+ and nitric oxide (NO), the 

M. I. Figueira et al.



65

Fig. 5.3 GPER signaling pathways. GPER activates several downstream signaling cascades 
including the PI3K/AKT pathway, the Src pathway, the MAPKs/ERK1/2 pathway and the Notch 
signaling. The activation of MAPKs pathway influences the activation of Smad proteins and leads 
to the inhibition of the TGF-β signaling. GPER activation also leads to stimulation of adenylyl 
cyclase (AC) with an increase of cAMP concentrations and mobilization of intracellular Ca2+. 
GPER activation of intracellular signaling pathways also has been coupled with EGFR transactiva-
tion. GPER activation of Src-kinase stimulates MMPs that cleave the pro-HB-EGF leading to the 
release of free HB-EGF and EGFR activation. Alternatively, EGFR activation can be mediated by 
sphingosine 1 phosphate (S1P) a product of sphingosine kinase 1 (SphK1) activity
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interaction with other membrane receptors, such as insulin-like growth factor-1- 
receptor (IGF-1R) and epidermal growth factor receptor (EGFR), as well as, the 
activation of effector molecules, namely, the Src kinase and phosphatidylinositol 
3-kinase (PI3K), the serine/threonine protein kinase Akt, mitogen-activated protein 
kinase (MAPK) family members, and the protein kinases A and C (PKA and PKC, 
respectively) [76].

After ligand binding, GPER initiates intracellular signaling by activating hetero-
trimeric G proteins, composed of α, β and γ subunits, with the latter known as the 
βγ-complex [77]. In general, the Gα-subunit (Gαs) dissociates from the heterotri-
meric Gαβγ complex and the free subunits (Gαs and Gβγ) activate distinct intracel-
lular signaling pathways [78]. It has been demonstrated that both Gβγ [13] and Gαs 
[53] participate in the GPER-mediated signaling. Gαs activity stimulates the adeny-
lyl cyclase producing an increase in cAMP concentration and mobilization of intra-
cellular Ca2+ [52, 53, 79], whereas the Gβγ subunit and the downstream Src-related 
tyrosine kinases activate the MAPK transduction pathway [13], leading to phos-
phorylation of MAPKs/ERK1/2 [13]. In rat pachytene spermatocytes, the activation 
of GPER led to the initiation of ERK1/2 signaling cascade, correlated with an 
increased phosphorylation of c-Jun [80]. On the other hand, in breast cancer cell 
lines, the activation of MAPKs pathway influenced the activation of Smad proteins 
and led to the down-regulated signaling of the transforming growth factor beta 
(TGF-β) [81], since Smad2/3 proteins are essential signaling molecules mediating 
TGF-β effects [82]. The activation of ERKs signaling through GPER also was 
shown to activate the hypoxia-inducible factor 1α/vascular endothelial growth fac-
tor (HIF1α/VEGF) signaling, due to the upregulation of HIF1α and, consequently, 
to the upregulation of VEGF, a well-known marker of angiogenesis [83, 84].

GPER activation of the PI3K/Akt pathway has been reported in ER-negative 
endometrial cancer cells and seems to stimulate cell growth [85, 86]. GPER activity, 
in a Src kinase and PI3K/Akt dependent mechanism with the activation of NF-kB, 
was also shown to up-regulate cyclooxygenase 2 (COX2) expression in oviduct 
epithelial cells [87]. GPER may also contribute to the pro-tumorigenic effects of 
endothelin-1 in hepatocarcinoma cells and breast cancer via the activation of PI3K/
ERK/c-Fos/AP1 transduction pathway [88].

GPER actions were also implicated in Notch signaling, inducing both the 
γ-secretase-dependent activation of Notch-1 and the expression of the Notch target 
gene Hes-1 [85, 89]. It was reported that GPER activation leads to the association 
of the intracellular domain of Notch-1 with the Hes-1 promoter inducing transcrip-
tion of a Hes-1-reporter gene, as well as, to the down-regulation of VE-Cadherin 
and increased expression of Snail, a Notch target gene acting as a repressor of cad-
herin expression [89].

Interestingly, GPER activation of intracellular signaling pathways has been cou-
pled with EGFR transactivation, through the Src-dependent stimulation of metal-
loproteinases (MMPs) (Fig. 5.3). MMPs have been shown to cleave the pro-HB-EGF 
leading to the release of free HB-EGF with resultant EGFR activation [13, 64, 90, 
91]. Moreover, sphingosine 1-phosphate (S1P), a product of sphingosine kinase 1 
(Sphk1), seems to be another intermediate in the GPER-mediated transactivation of 
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the EGFR [92]. SphK1 activation stimulated by E2 leads to the release of S1P, acti-
vating the S1P receptor Edg-3 and resulting in pro-HB-EGF cleavage [92]. A cross- 
talk of GPER with the IGF signaling pathway and GPER interaction with the IGFR 
and the ErbB receptors also has been described and associated with the progression 
of diverse types of cancer [93, 94].

Despite the transcriptional responses induced by estrogens are mainly associ-
ated to ERα- and ERβ-mediated actions, also the rapid signaling pathways acti-
vated by GPER have been shown to regulate gene expression in broad range of 
mammalian tissues and cells. These includes the upregulation of expression of 
several genes involved in relevant biological responses, for example, the transcrip-
tion factor c-fos, the connective-tissue growth factor (CTGF), the early growth 
response 1 (Egr-1), pS2, sirtuins, cyclins A, D1, D2 and E, and the apoptotic regu-
lators Bcl-2 and Bax; cyclins A1 and B1 were identified as down-regulated genes 
by GPER [80, 95–101].

Other important aspect to consider in GPER signaling is its interaction with the 
nuclear steroid receptors, namely, with the classical ERs, the glucocorticoid recep-
tors, the mineralocorticoid receptors, and the vitamin D receptor. This cross-talk 
was elegantly reviewed by Prossnitz et al. [102] and will not be further explored in 
this chapter.

In the end, it is important to mention the receptor activity-modifying proteins 
(RAMPs) that interact with the GPCRs modifying their function, and acting as 
pharmacological switches and chaperones regulating signaling transduction [103]. 
Although GPER interaction with RAMP3 has been reported and linked to the recep-
tor presentation at the cell membrane [104], the role of this regulatory proteins in 
the modulation of GPER function/activity still is in its infancy and more research is 
needed to clarify the liaison between RAMPs and GPER.

 GPER Agonists and Antagonists: A Therapeutic Approach

From the time that was considered an orphan receptor to nowadays, many com-
pounds have been identified with the ability to bind GPER, which substantially 
enriched its “molecular relationships”. Among the panoply of compounds that 
bind GPER, some of them are activators (agonists) whereas others inhibit recep-
tor function/activity (antagonists). The identification of molecules able to modu-
late GPER activity (Table  5.1) and the disclosure of the underlying signaling 
pathways is an exciting field of research considering the exploitation of GPER as 
a therapeutic target.

Also, many studies have been performed to understand better the GPER structure 
and its binding characteristics. The specificity of GPER cavities and its several 
structural changes endows this receptor of a great ability to accept diverse ligands, 
some of them with large volume, and also that the same ligand can recognize differ-
ent binding sites dependently on the structural conformation of GPER [105].
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Table 5.1 List of compounds able to modulate GPER activity, agonists and antagonistsa

Class Compound Effect

Hormone ligands 17α-Estradiol No
17β-Estradiol-17-d-glucuronide +
2-Hydroxyestradiol −
2-Methoxy-estradiol +
7β-OH-EpiA −
ACTH ?
Aldosterone +
Cortisol ?
E2 +
Estriol −
Estrone ?
Progesterone No
Testosterone No

Synthetic ligands 4-Hydroxytamoxifen +
DES No
DPN No
ICI 182,780 +
K-1 −
MIBE −
PPT +
STX ?
Raloxifene +

Phytoestrogens (−)-Epicatechin +
Baicalein −
Coumestrol No
Daidzein ?
Equol ?
Genistein +
Icariin +
Icaritin +
Oleuropein +
Prunetin +
Puerarine +
Quercetin +
Resveratrol +
SDG/ENL ?
Tectoridin +

(continued)
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 Natural Hormone Ligands

The first identified ligands for GPER, which gave the receptor’s name, were estro-
gens, particularly the E2. Competitive binding assays in GPER-transfected COS7 
cells using E2 conjugated to the fluorophore Alexa 633 found a high-affinity for E2 
(Kd 6 nM) contrarily to the non-physiological estrogen stereoisomer 17α-estradiol 
that fails to displace the fluorophore [52]. Similarly, studies with tritiated-hormone 
on membrane fractions also showed high-affinity of GPER for E2 (Kd 3 nM) but 
low-affinity for 17α-estradiol [53].

Table 5.1 (continued)

Class Compound Effect

Xenoestrogens 2,29,59-PCB-4-OH ?
Atrazine +
BDE-47 +
Bis(4-hydroxyphenyl)[2-(phenoxysulfonyl)phenyl] 
methane

?

BPA +
DDT ?
DDE ?
Kepone +
Methoxychlor +
Nonylphenol +
TDP +

Other compounds Arsenite +
Butylparaben +
C4PY −
Cadmium +
CuSO4 ?
Methylparaben +
Nicotinamide +
Nicotinic acid/niacin/vitamin B3 +
Propylparaben +
ZnCl2 +

Specific ligands G1 +
G15 −
G36 −
GPER-L1 +
GPER-L2 +
PBX1 −
PBX2 −

+, agonist; − antagonist; ?, direct action on GPER needs confirmation; No, no effect reported on 
GPER activity
aCorresponding references are cited and discussed throughout the text
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Nonetheless, the involvement of some E2 metabolites in GPER activation has 
been reported. For example, the oxidised metabolite 2-methoxy-estradiol has been 
reported to act as an agonist of GPER [106] whereas the 2-hydroxyestradiol has 
been shown to antagonize GPER action [106, 107]. Glucuronidation and sulfona-
tion of E2 generate other metabolites like 17β-estradiol-17-d-glucuronide, which 
also seems to be an agonist of GPER at high concentrations; 50 mM 17β-estradiol- 
17-d-glucuronide increased the levels of cAMP and PKA activity [108].

Other estrogens like estrone and estriol exhibited very low affinity for GPER, 
whereas progesterone and testosterone were unable to bind GPER [53]. In the case 
of estriol, it seems to act as an antagonist of GPER [109, 110].

Considering the weak androgens dehydroepiandrosterone (DHEA) and epian-
drosterone, no studies exist reporting GPER binding or activity. However, the 
endogenous metabolite 7β-hydroxy-epiandrosterone (7β-OH-EpiA) was shown to 
be capable of antagonizing estrogenic actions mediated by GPER [111].

Curiously, aldosterone, a mineralocorticoid steroid hormone, also seems to have 
affinity for GPER, with agonistic activity increasing the ERK phosphorylation in rat 
aortic endothelial cells and the migration of renal cancer cells [112–114]. Moreover, 
it was shown that the non-genomic effect of aldosterone causing rapid sodium 
intake involves GPER [115]. However, other studies were unable to detect aldoste-
rone binding to cell membrane fractions [116, 117], suggesting that aldosterone 
could act through GPER, but without direct receptor binding [102].

Stress related hormones such as cortisol or adrenocorticotropic hormone (ACTH) 
seem to modulate GPER expression, although their ability to bind the receptor 
remains to be evaluated [53, 118].

 Synthetic Ligands

Tamoxifen, a synthetic non-steroidal anti-estrogen is a recognized selective estro-
gen receptor modulator (SERM) with demonstrated efficacy as an adjuvant therapy 
for ER-positive and metastatic breast cancer [119]. It is a substituted triphenylethyl-
ene with low binding affinity for ERs compared with E2, but with a similar binding 
affinity for both ER subtypes displaying tissue-dependent ER antagonist or partial 
agonist activity. The 4-hydroxy metabolite (4-hydroxytamoxifen) is a more potent 
ER ligand and its active metabolite [120, 121].

Another synthetic compound, the estrogen derivative ICI 182,780 binds ERs 
with high affinity and has anti-estrogenic activity, blocking the ER transactivation, 
impairing its dimerization and inducing its degradation [120]. Interestingly, both 
ERs antagonists, 4-hydroxytamoxifen and ICI 182,780, can bind GPER, acting as 
agonists [122, 123]. Moreover, the tamoxifen analog STX (a diphenylacrylamide) 
was shown to have rapid neurological responses through a mechanism unrelated to 
the classical ERs and dependent on a Gq protein, which suggests the involvement of 
GPER [124]. More recently, another SERM, raloxifene, also was shown to activate 
GPER in cells devoid of ERα, mediating Akt activation [35, 125].
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The knowledge that the classical ER antagonists induce agonistic effects via 
GPER has stirred their application in cancer treatment. On the light of this informa-
tion, extreme caution has to be placed on the application of anti-estrogens therapies 
when GPER is present in tumors, which can be overcome by the introduction of 
GPER analysis in clinical diagnosis. This would be particularly relevant in estrogen- 
related cancers, such as breast, endometrium and ovary.

The stilbene estrogen diethylstilbestrol (DES) a potent estrogenic compound 
binding both ER subtypes with an affinity similar to that of E2, do not display affin-
ity for GPER [13, 52, 53, 122, 123, 126], though weak binding capability able to 
induce activation of CREB, and of the downstream targets PKA, Src, and ERK1/2 
has been reported [53, 127]. Also, DES seems to inhibit GPER expression [128].

Interestingly, the widely used ERα-selective agonist propylpyrazole triol (PPT) 
has shown agonistic activity for GPER in a range of 10–100 nM concentrations, 
whereas diarylpropionitrile (DPN) the ERβ-selective agonist had no activity 
through GPER [35]. Therefore, the use of PPT to ascertain ERα specific actions in 
different tissues and physiological conditions may have confounding effects trig-
gered by GPER.

Also, there are reports of compounds disrupting the GPER action 
 transactivating  EGFR (Fig. 5.3). The anti-estrogenic benzopyran derivative 
2-[piperidinoethoxyphenyl]-3-[4-hydroxyphenyl]-2H-benzo(b)pyran (K-1)  showed 
to interfere with GPER mediated-EGFR activation, decreasing phosphorylation of 
MEK, ERK and of its downstream effectors such as c-jun and c-fos. Moreover, K-1 
decreased the expression of β-catenin, proliferating cell nuclear antigen (PCNA), 
Cdk4, cyclin D1, c-myc, p-CREB and Bcl-xl and increased the expression of apop-
totic markers like NOXA, PUMAα, p21, p27 and Bax [129]. The newly synthesized 
compound MIBE (ethyl 3-[5-(2-ethoxycarbonyl-1-methylvinyloxy)-1-methyl- 
1Hindol-3-yl] but-2-enoate) prevented the GPER-mediated EGFR and ERK activa-
tion, with consequent effects on gene transcription and cell proliferation, and was, 
thus, indicated as a GPER antagonist [130].

 Membrane-Impermeable Ligands

The development of ligands with membrane impermeable properties, through ste-
roid association with large proteins (e.g. BSA), oligomeric/polymeric dendrimers 
(PAMAM) or cyclodextrins, as well as the ionic estrogen derivatives (e.g. NMe3+), 
have allowed studying membrane-associated ERs [131, 132], and to ascertain the 
existence of GPER effects triggered at cell membrane.

Revankar et al. [133] evaluated the properties of a set of 17α-substituted estrogen 
derivatives with differential cell permeability. For example, the cationic E2-NMe3+ 
with a high-affinity for GPER, but membrane impermeable, at least for short peri-
ods of incubation and at low concentrations, was incapable of generating Ca2+ rise 
responses, whereas the related neutral carboxamide E2-NB with membrane perme-
ability similar to those of E2 rapidly activated both the ERα and GPER [133]. These 
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observations were quite relevant to support the intracellular location of GPER and 
its functionality driven by the endoplasmic reticulum. Nevertheless, this matter is 
far away from being solved and widely accepted among the scientific community. 
Moreover, these novel ligands are important to evaluate the subcellular location of 
GPER in healthy and pathological tissues and cells, and to decipher whether it var-
ies with different environmental conditions, tissue properties, and/or developmental 
or disease stage. Further research is needed to clarify all these issues.

 Phytoestrogens and Xenoestrogens

In the last years, with the increasing relevance of compounds mimicking estrogens 
and the concerns about endocrine disruption, many studies have identified some 
phytoestrogens and xenoestrogens as possible GPER ligands.

Phytoestrogens mainly encompass phenolic compounds, which are structurally 
divided into flavones, isoflavones, lignans, coumestans, and stilbenes [134]. The 
potential of phenolic compounds as preventive or therapeutic agents in several 
human diseases has been under intense investigation, and a large variety of these 
compounds also has shown to be able to modulate GEPR activity.

(−)-Epicatechin, a flavonoid present in cacao and many other food products, 
increases the activity of ERK1/2 through GPER activation [135]. Icariin is a prenyl-
ated flavonol glycoside isolated from plants of the genus Epimedium, which is used 
as a food supplement; icaritin is its hydroxylated derivative. Both icariin and icaritin 
seem to induce cellular effects through GPER, also inducing c-fos expression and 
EGFR-MAPK signaling activation [136, 137]. Baicalein, the main flavonoid derived 
from the root of Scutellaria baicalensis Georgi, a plant widely used in traditional 
Chinese medicine, also was indicated to interfere with GPER signaling [138]. In 
breast cancer cells, baicalein does not directly affect GPER expression, but it can 
inhibit GPER signal transduction pathways, namely, by suppressing the phosphory-
lation of ERK1/2, Akt, and Src, as well as the transcription of GPER-regulated 
genes, like c-fos, CTGF, CYR61, and Egr-1 [139].

Genistein, an isoflavone found in soy products, has shown high-affinity for 
GPER, with agonistic activity leading to MAPKs activation via a Gβγ-associated 
pathway and requiring Src-related and EGFR kinase activity. Moreover, genistein 
seems to upregulate c-fos expression [95, 140–142]. Quercetin is a genistein related 
flavonoid that naturally occurs as the aglycone form of other flavonoid glycosides. 
At 1 mM concentration, quercetin showed the same behavior of genistein, acting as 
a GPER agonist with stimulation of c-fos expression [95]. The isoflavone daidzein 
present in many plants and fruits exhibited both estrogenic and anti-estrogenic 
actions, despite no GPER binding affinity has been reported. However, it has been 
shown that daidzein mediates glutamate-induced effects via GPER [143]. Intestinal 
flora can metabolize daidzein to equol, which also do not have GPER binding abil-
ity described, but it has been suggested that it is involved in the generation of mito-
chondrial reactive oxygen species via GPER-mediated EGFR transactivation [144]. 
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Nevertheless, puerarine an 8-C-glucoside of daidzein, was able to activate and mod-
ulate GPER activity and expression [145]. Similar findings were observed with pru-
netin, an isoflavone found in several agricultural foods, which seems to bind GPER 
with activation of ERK/MAPK through adenylyl cyclase and cAMP [146]. 
Tectoridin, the 7-glucoside of the isoflavone tectorigenin, also exerted estrogenic 
effects mediated through GPER, whereas it binds ERα poorly [147].

Coumestrol is a phenolic phytoestrogen of the class of coumestans known to 
activate ER-mediated signaling pathways, but its ability to bind and activate GPER 
was not described yet [140].

Resveratrol, a stilbene derivative with important biological actions and indicated 
as an anti-cancer compound [148] had its activity inhibited in the presence of GPER 
antagonists, which suggests that its role depends on GPER, likely by promoting 
PKC activation [149].

Oleuropein, the glycosylated conjugate of elenolic acid present in olives, also 
has been included in the group of GPER agonists [150].

The flaxseed derivative secoisolariciresinol diglucoside (SDG), upon metabo-
lization by mammalian cells, originates the metabolite enterolactone (ENL), that 
shares the similar binding site of GPER specific agonist G1 as indicated by docking 
simulations, suggesting that it can bind GPER [151].

Xenoestrogens include a wide variety of nonsteroidal chemicals including 
nonylphenols, polybrominated diphenyl ethers, organophosphates, chlorinated 
hydrocarbons, biphenyls and phthalates that can be found in daily-life products 
such as detergents, surfactants, resins, lubricants, plastics, fire retardants, and 
pesticides [152].

The nonylphenols used in plastic industry, despite having the low affinity for 
classical ERs, showed a higher binding affinity for GPER [140]. Both bisphenol A 
(BPA) and nonylphenol, are strong competitors of E2 displacing the tritiated- 
hormone from GPER-containing membrane fractions [140]. BPA induced a rapid 
activation of ERK1/2 and the transcription c-fos likely through an AP1-mediated 
pathway [153–157]. BPA also stimulates the upregulation of X-linked inhibitor of 
apoptosis protein (XIAP), with accompanying cell migration and angiogenesis 
[154, 158–160]. Moreover, BPA at 100 μmol/L seems to be able to increase GPER 
protein levels in the nucleus, but had no influence in the cytoplasmic fractions [161]. 
On the other hand, low doses of BPA did not seem to have stimulatory effects via 
GPER [162]. The 4,40-thiodiphenol (TDP), a BPA derivative that exhibits more 
potent estrogenic activity than BPA does, can increase the GPER expression and 
activate the GPER-PI3K/Akt and ERK1/2 pathways [163].

Commercial dichlorodiphenyltrichloroethane (DDT) products consist of a mix-
ture of compounds with the p,p9- and o,p9-isomers, both of which showed binding 
affinity for GPER, although it was higher in the case of p,p9-isomer [164, 165]. 
The degradation of DDT produces isomers of dichlorodiphenyldichloroethylene 
(DDE), p,p9-DDE and o,p9-DDE, which also exhibit binding affinity for GPER 
[140]. The 2,20,4,40-tetrabromodiphenyl ether (BDE-47), a flame retardant fre-
quently used in furniture, infant products, and electronics, also seems to have 
effects as a GPER agonist [166].
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Several pesticides also have been indicated as activators of GPER. Methoxychor 
showed ability to bind GPER and activate the GPER/EGFR signaling transduction 
pathway [140], whereas atrazine, induced ERK1/2 activation and the expression of 
c-fos and other E2-target genes. Atrazine and others chlorotriazines, including 
cyanazine and simazine were also shown to regulate GPER expression in breast 
cancer cells [167].

Polychlorinated biphenyls (PCBs) are another group of environmental xenoes-
trogens, including the phenolic derivative 2,29,59-PCB-4-OH, which exhibited low 
binding affinity for GPER [140]. Contrastingly, the high-affinity binding of GPER 
to another chlorinated endocrine disrupting chemicals, such as the insecticide 
kepone was indicated [140].

Also, the lipophilic bis(4-hydroxyphenyl)[2-(phenoxysulfonyl)phenyl] methane, 
present in cell culture medium as an impurity of phenol red (phenolsulfonphthalein) 
used as a pH indicator, exhibits estrogenic properties, however, its interaction with 
GPER remains unclear [164, 168].

In an exhaustive study of Peter Thomas’ group [140] comparing the estrogenic 
activity of a panoply of phytoestrogens and environmental contaminants, it was pos-
sible to hierarchize several of the compounds mentioned above concerning its abil-
ity to bind GPER. The phytoestrogen genistein was the most effective competitor 
for GPER, and BPA, and nonylphenol also displayed relatively high binding affin-
ity. Kepone, DDT, 2,2′,5′,-PCB-4-OH and o,p′-DDE had lower affinity for GPER 
whereas o,p′-DDT, p,p′-DDE, methoxychlor and atrazine caused less than 50% dis-
placement of tritiated-estrogen from GPER-containing membrane fractions [140]. 
Moreover, it was shown that genistein, BPA, nonylphenol and kepone act as GPER 
agonists sharing the mechanistic of adenylyl cyclase activation [140].

 Other Compounds

Calixpyrroles belong to the category of macrocyclic compounds and are made up of 
pyrrole units assembled by quaternary carbon atoms at their 2,5-positions [169, 
170]. A derivative of these compounds, the calix[4]pyrrole derivative [meso- 
octamethylcalix[4]pyrrole (C4PY)], acts as an antagonist of GPER preventing the 
ERK activation by E2 although without trigger ERK phosphorylation. Moreover, 
C4PY inhibited the E2 and GPER agonist-induced expression of c-fos and Egr-1 and 
Akt phosphorylation [171].

The parabens, methyl-, propyl- and butylparaben, also seem to activate GPER, 
inducing the activation of the ERK1/2 pathway, an effect mediated by the G protein 
βγ dimer. No activation was perceived concerning the cAMP/PKA pathway, and 
propylparaben was the only paraben able to activate Akt [172].

Reports also exist indicating that metallic compounds actions are mediated by 
GPER. Copper, an essential trace element naturally occurring in soil, water and air, 
has been implicated in tumor initiation and progression [173]. A recent study 
showed that GPER (together with HIF-1α) is required for the copper sulfate 
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(CuSO4)-induced VEGF expression and proliferation of breast cancer cells [174]. 
Nevertheless, the ability of copper to directly activate GPER signaling requires con-
firmation. Arsenite and cadmium, environmental contaminants acting as endocrine 
disruptors, were shown to activate GPER leading to MAPK activation [175], with 
cadmium directly activating the receptor [176]. Cadmium-induced effects mediated 
by GPER included the rapid activation of ERK1/2 and Akt and stimulation of breast 
cancer cells proliferation [177–179]. Zinc is essential in the regulation of several 
cellular functions, and a recent study also demonstrated that the stimulatory effects 
of zinc chloride (ZnCl2) in breast cancer cells and cancer associated fibroblasts 
(CAFs) with the activation of ERK and Akt pathways are dependent on GPER 
[180].

Nicotinic acid, also designated niacin or vitamin B3, and nicotinamide were 
reported as agonists of GPER, inducing GPER-mediated ERK activation and gene 
expression, stimulating cell proliferation and migration [181].

It is important to refer that, despite the high homology of GPER amino acid 
sequence with the chemokine receptor subfamily of GPCRs, chemokines did not 
seem to activate GPER [47].

 GPER Specific Ligands

The majority of endogenous and synthetic compounds with affinity for GPER also 
has the ability to bind the classical nuclear ERs. For this reason, it was necessary to 
find out specific ligands for GPER that would allow separating the contribution of 
each receptor subtype to the physiological effects of estrogens.

Virtual and biomolecular screening for chemicals with similarity to estrogens in 
a library with thousands of compounds, retrieved 100 strong candidates to be tested 
for GPER binding activity. One of these compounds presented agonist activity for 
GPER and was inactive for the classical ERs. It was called G1 (GPR30-specific 
compound 1, a substituted dihydroquinoline, with a tetrahydro-3H-cyclopenta[c]
quinoline core structure) [182] that still today is the true selective GPER agonist 
being widely used in in vitro and in vivo studies.

Binding affinity studies demonstrated a high-binding affinity of G1 for GPER 
yielding a Ki of 11 nM whereas for E2 the Ki was 5.7 nM. No significant binding of 
G1 was perceived for ERα and ERβ at concentrations up to 1 μM [182]. Moreover, 
functional studies showed that the G1 effects inducing Ca2+ mobilization and PI3K 
activation were exclusive of cells harboring GPER, being absent in cells expressing 
either ERα or ERβ [182].

More recently, an antagonist of GEPR closely resembling G1 but lacking the 
ethanone moiety was identified, the so-called G15 [183]. Competitive binding 
assays demonstrated that G15 binds GPER with an affinity of, approximately, 
20 nM. Similarly to G1, G15 poorly binds ERα or ERβ at concentrations up to 
10 μM [183]. G15 seems to be able to reduce Akt phosphorylation, and NF-kβ 
signaling [184].
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However, some low-affinity cross-reactivity of G15 with the classical ERα was 
described. For this reason, efforts were made to identify an antagonist with improved 
selectivity for GPER. In this way, an isosteric G1 derivative, the G36 was synthe-
sized. This new GPER antagonist showed diminished capability of activating ERα, 
while maintaining its GPER antagonist activity. Moreover, G36 was shown to selec-
tively inhibit GPER activation of PI3K but not of ERα. Also, it inhibited estrogen 
and G1 effects on Ca2+ mobilization andERK1/2 activation, with no effect on EGF- 
mediated ERK1/2 activation [185]. Thus, the identification of G36 as a GPER 
antagonist with improved ER counter selectivity represented a significant step 
towards the development of new highly GPER selective therapeutics for cancer and 
other diseases. Indeed, both G1 and G36 have been envisaged as therapeutic tools 
[35, 186–188].

Other two original compounds, GPER-L1 and GPER-L2, were developed as 
GPER selective agonists [189], representing also valuable tools to disclose the phar-
macologic actions of GPER and to discriminate more accurately the actions driven 
by each particular ER subtype. These compounds showed high affinity for GPER 
and were also capable of upregulating the expression of GPER target genes with 
higher efficacy than G1 or E2 [189]. More recently, as a strategy to find out a new 
GPER antagonist, two novel compounds with a structure based on pyrroloquinoxa-
line were synthesized; PBX1 and PBX2, which were described as selective antago-
nists having the ability to suppress GPER-dependent signaling [190].

The development of new and selective agonists and antagonists of GPER signifi-
cantly advanced the current knowledge about the physiological roles of this recep-
tor, controlling biological processes in healthy and pathological conditions. Also, 
this allowed and reinforced the consistency of targeting GPER as a potential thera-
peutic strategy, which could be achieved by activating or inhibiting its activity, 
depending on the deregulation of GPER identified in each particular disease.

 Expression Pattern of GPER in Cancer Tissues

GPER is expressed practically in all organs and tissues of the human body and has 
several important physiological functions in healthy conditions. However, GPER 
deregulated expression has been associated with several diseases, such as cancer, 
which may include either upregulated or downregulated expression levels.

Cancer-related expression of GPER has been described both in male and female 
cancers, with a great representation in hormone-dependent cancers, but reports in 
other oncological conditions also exist (Table 5.2). However, GPER has been mainly 
associated with female cancers, particularly breast cancer, but also with the endo-
metrium and ovary cancers. In man, testicular and prostate cancers are important 
targets of this estrogen receptor.

GPER was firstly identified in human breast cancer cases, and cell lines and, 
thus, not surprisingly, its function in carcinogenesis is intimately related to breast 

M. I. Figueira et al.



77

cancer. Several studies revealed that GPER is strongly expressed in normal breast 
tissue, with a variable expression among tumor specimens. However, studies show 
that GPER is detected in the majority of invasive breast tumors whereas only 42% 
of intraductal tumors were GPER-positive [191, 192]. Indeed, GPER association 
with breast cancer aggressiveness has been reported [39].

Concerning subcellular location (Table  5.2), GPER seems to be found in the 
cytoplasm [193], around the nucleus and specifically at the plasma membrane in 

Table 5.2 Summary of GPER expression and subcellular localization in different human cancersa

Tissue Tumor subtype Expression Localization

Breast Invasive tumors ++ Membrane
Cytoplasm
Nucleus

Intraductal tumors +
Inflammatory breast cancer +
ER-positive +
ER-negative +
Triple-negative +

Ovary – + ?
Endometrium ER-negative endometrial carcinoma + Cytoplasm

ER-positive endometrial carcinoma +
Carcinosarcoma ++

Myometrium Leiomyomas ++ Cytoplasm
Nucleus

Testis Sertoli cell tumor + Membrane
CytoplasmLeydig cell tumor +

Seminomas ++
Embryonal carcinoma +
Teratomas +

Lung Adenocarcinomas ++ Cytoplasm
NucleusSquamous cell carcinomas ++

Non-small cell carcinoma ++
Thyroid Papillary carcinoma ++ Membrane

CytoplasmFollicular carcinoma ++
Blood T-cell leukemia + ?
Bladder Urothelial carcinoma + ?
Pancreas Adenocarcinoma + ?

Mucinous neoplasm +
Cervix Carcinoma + ?
Kidney Adenocarcinoma + ?

Carcinoma + ?
Pituitary – + Cytoplasm
Prostate Androgen sensitive +/++ Membrane

Cytoplasm
Nucleus

Castration resistant ++/+

+, GPER expression; ++, high GPER expression; ?, unknown
aCorresponding references are cited and discussed throughout the text
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breast cancer cases [194]. Moreover, the cytoplasmic location of GPER in breast 
cancer seems to be correlated with the less advanced tumor stages, better histologic 
differentiation, non-ductal histologic subtypes, and enhanced overall patient sur-
vival whereas GPER nuclear expression is associated with poorly differentiated car-
cinomas [195]. Also, GPER overexpression and plasma membrane localization 
were indicated as key events in breast cancer progression [194]. Oppositely, the 
absence of GPER at the plasma membrane is indicative of a better long-term prog-
nosis of primary breast cancer [194], suggesting that membrane-triggered GPER 
signaling may favor tumor progression.

A significant association between GPER and ER expression, as well as a positive 
correlation of GPER with HER-2/neu, EGFR, C-erbB2 and CD133 expression, 
tumor size, metastasis, peri-nodal invasion, and lymph node status, were also 
described [39, 178, 192, 196–198]. Not consistently, other study found no correla-
tion between GPER expression and ERα [193]. In the case of triple-negative breast 
cancers (TNBCs), which are defined by the absence of classical ERα, progesterone 
receptor (PR) and HER-2/neu, GPER expression is maintained [199–201] showing 
a nuclear location [195]. However, GPER expression seems to be restricted to a 
group of younger women and possibly associated with recurrence of disease since 
it happened in 22.2% of patients in the GPER-positive group against only 9.5% in 
the GPER-negative group [199]. This is further supported by findings showing that 
the in vitro inactivation of GPER reduces growth of TNBC cells, preventing the 
activation of the kinase Src [202]. Moreover, the phosphorylation of the EGFR was 
almost abolished, and c-fos induction was inhibited with GPER inactivation [202].

Other evidence exists implicating GPER in recurrence of breast cancer [198]. A 
study evaluating GPER expression in local and distant metastatic lesions found that 
almost 70% of specimens express GPER, and also identified a relationship between 
GPER positivity and resistance to tamoxifen because recurrent tumors displayed 
increased GPER expression [196, 203]. Accordingly, a more recent study evaluated 
77 breast cancer tissues with 53 recurrent breast cancer specimens after tamoxifen 
treatment and found that GPER expression was increased in 73.58% of cases [204].

On the other hand, studies are proving that GPER expression decreases with the 
progression of breast cancer, in consequence of a reversible promoter inactivation 
by methylation [205, 206]. In addition, GPER down-regulated levels were sug-
gested contributing to breast carcinogenesis and development of lymph node metas-
tasis [34, 207]. Thus, GPER also has been proposed as a tumor suppressor gene [34, 
207]. In line with these reports, the protective role of GPER in TNBC cells was 
described since its activation lead to inhibition of cancer cells growth [208]. Also, it 
was found that GPER expression in TNBC cases is negatively associated with high- 
grade tumors and lymph node metastasis, whereas displaying a significant and posi-
tive correlation with overall survival [209].

Concerning uterine tissues, GPER was described to be overexpressed in patients 
with endometriosis comparatively to the normal endometrium, suggesting the 
involvement of this receptor in disease onset [210, 211]. Endometriosis has been 
considered a risk factor for endometrial cancer, and in this way, it would be expect-
able a role for GPER in the endometrium cancer. Expectation confirmed by a study 
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demonstrating that GPER modulates endometrial tumor growth by activation of its 
characteristic signaling pathways [35]. Besides that, GPER expression is augmented 
in endometrial carcinoma comparatively with non-neoplastic tissues, with 70% of 
endometrial carcinomas expressing GPER, against only 26.67% of normal endome-
trium [212]. However, contradictory reports also exist indicating a decreased expres-
sion of GPER in endometrial carcinoma comparatively to the normal endometrium 
[213, 214]. Moreover, GPER was found to be expressed in ER-negative endometrial 
carcinoma and in ER-positive and ER-negative endometrial cancer cell lines [212].

Endometrial cancers display GPER expression in the stroma and glandular tissue 
with protein expression being mainly cytoplasmic [215]. GPER expression was cor-
related with the grade of endometrial carcinoma but failed any association with 
FIGO stage, myometrial invasion, or peritoneal cytology [212]. On the other hand, 
others described that loss of GPER expression was significantly associated with 
more aggressive features of endometrial tumors and poor prognosis. This included 
high FIGO stage, non-endometrioid histology, presence of lymph node metastasis, 
aneuploidy, and ERα loss, which suggests a link between the absence of GPER and 
the development of an aggressive tumor phenotype [215].

In uterine carcinosarcoma, namely, in the glandular component, GPER expres-
sion is higher than that in the normal endometrium [216]. Moreover, GPER expres-
sion was higher in advanced stages of carcinosarcoma and seemed to be correlated 
with the expression of ERβ [216]. On the other hand, GPER is also highly expressed 
in uterine leiomyomas compared with their matched myometrium and, in this case, 
ERα also was overexpressed. Furthermore, GPER expression in uterine leiomyoma 
is detected in the nucleus, but in the myometrium, GPER localization is cytosolic 
[71].

GPER is expressed in ovarian cancer cell lines [217] and ovarian granulosa cell 
tumors [218, 219], and seems to be preferentially expressed in “high risk” epithelial 
ovarian cancer than in less aggressive ovarian tumors [40, 220]. Others also defended 
that GPER expression increases with the development and progression of ovarian 
cancer [40]. Accordingly, the high frequency of GPER expression in malignant 
ovarian endometriotic cysts comparatively with the benign forms was reported 
[221]. Moreover, GPER expression seems to be positively correlated with clinic 
pathological parameters, such as tumor stage, size, and lymph node metastasis, and 
also correlates with matrix MMP-9 expression, mainly in higher stage tumors [221]. 
In general, increased GPER expression is associated with aggressiveness of ovarian 
tumors and lower survival rates [40, 220, 221].

Testicular germ cell tumors (TGCTs) are the most common testicular solid can-
cer accounting for 90% of primary tumors and mainly affecting young men [222]. 
TGCTs are in majority seminomas, which were shown to overexpress GPER [37, 
223–225]. The overexpression of GPER in seminomas comparatively to non- 
seminomas could be due to two polymorphisms frequently found in the promoter 
region of GPER in seminomas, rs3808350 and rs3808351 that cause a switch of the 
homozygous ancestral genotype GG to the homozygous AA genotype [223]. Thus, 
GPER has been considered a possible biomarker predictive of TGCTs [226]. It was 
also shown that GPER location in seminoma-derived cells was found at the cell 

5 The Role of GPER Signaling in Carcinogenesis: A Focus on Prostate Cancer



80

membrane and cytoplasm, with a ratio of approximately 20%:80% [223]. The aug-
mented expression of GPER was described for TGCTs, but GPER was also detected 
in Sertoli and Leydig cells tumors, embryonal carcinomas, and teratomas [224, 
225].

The expression pattern of GPER and its biological roles in PCa will be discussed 
in a separate topic of the chapter.

Although GPER has been highly related to cancers of reproductive tissues, likely 
by their hormonal dependency, there are other cancer types displaying altered 
expression patterns of GPER.

In lung cancer, namely, adenocarcinomas, squamous cell carcinomas, and non- 
small cell lung carcinomas, GPER expression was significantly increased relatively 
to the surrounding non-tumor tissue, both at mRNA and protein level [36]. Also, 
non-small cell lung cancer cell lines display consistently higher expression of GPER 
relatively to immortalized normal lung bronchial epithelial cells [36]. Moreover, 
GPER expression in non-small cell lung cancer cells was shown to be nuclear and 
cytoplasmic, with cytoplasmic location following tumor stages IIIA–IV, lymph 
node metastasis, and poorly differentiated non-small cell lung cancer cells [227].

Although the expression pattern of GPER in human oral cancers needs to be 
fully characterized, this receptor was detected in non-neoplastic oral tissues, such as 
the submandibular and parotid glands, and tongue, and its functional role in oral 
squamous carcinoma cells also was suggested [184, 228].

In the case of thyroid cancer, a high expression of GPER comparatively to the 
nodular hyperplasia tissues was found, and associated with lymph node metastasis 
in papillary thyroid carcinoma [229]. Moreover, GPER, in cooperation with EGFR 
and CXCR1, seems to have an important role in the diagnosis screening to differen-
tiate between malignant follicular thyroid carcinoma and benign follicular thyroid 
adenoma because it is highly expressed in malignancy [230].

GPER expression was also reported in other human cancers (Table 5.2), namely, 
leukemia [231], urothelial carcinoma [16, 232], pancreatic adenocarcinoma and 
mucinous neoplasm [233], cervical carcinoma [234], kidney carcinoma and adeno-
carcinoma [235], and pituitary tumors [236], which indicates a broad action of 
GPER in the control of cell fate and tissue homeostasis contributing to malignant 
transformation. Also, it is highly indicative that GPER expression is probably 
altered in other cancers that have not been evaluated yet.

 The Role of GPER Controlling Cell Fate and Metabolism

 GPER Actions in Cell Proliferation and Apoptosis

Abnormalities in the control of cell-fate decision commonly lead to the unbalance 
between proliferation and apoptosis being major drivers of carcinogenesis. GPER, 
the new actor in the estrogens’ “drama” that is expressed in a broad range of 
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neoplastic and non-neoplastic tissues, seems to be one of the molecular protagonists 
in the regulation of cell fate, influencing cell proliferation, apoptosis and malignant 
features, such as, cell migration and invasion (Table 5.3).

Some studies have reported that GPER is able to stimulate cell growth, increas-
ing the proliferative activity. Estrogens and the GPER selective agonist G1 were 
shown to increase the mitotic index in the epithelial non-neoplastic MCF10A 
breast cells, and also the proportion of dividing cells in normal and malignant 
human breast and breast cancer explants [237]. The dependency of GPER to pro-
mote breast cells growth was further confirmed by the estrogenic effects observed 
on ER-negative breast cancer cells [178]. Moreover, GPER activation in MCF10A 
cells led to the activation of ERK in a process requiring EGFR transactivation 
[237]. Interestingly, in breast CAFs, E2 seems to cause an interaction between 
GPER and phosphorylated EGFR, recruiting them to the cyclin D1 gene promoter 
[70]. In this CAFs, G1 activation of GPER resulted in transient increases in cell 
mitotic index, intracellular Ca2+, and ERK1/2 phosphorylation, linked with the pro-
motion of proliferation and cell-cycle progression [238]. This supports the idea 
that GPER is involved in the functional connection between breast tumor cells and 
CAFs [239]. GPER activation in breast and endometrial cancer cells also was asso-
ciated with the upregulation of Egr-1, a transcription factor involved in the promo-

Table 5.3 Summary of GPER actions controlling cell fate in different human cancers

Tissue Tumor subtype Proliferation Apoptosis Invasion and migration

Adrenal cortex Carcinoma ↓ ↑ ?
Bladder – ↓ ? ?
Breast ER-negative ↑↓ ↑ ↑

ER-positive ↓ ↑↓ ↑
Triple-negative ? ↑ ↑↓

Cervix – ↓ ? ?
Endometrium – ↑ ? ↑
Miometrium Leiomyoma ↑ ? ?
Blood T-cell leukemia ? ↑ ?
Kidney Renal cell carcinoma ? ? ↑
Lung – ↑ ↑ ↑
Lymphatic ganglions Mantle cell lymphoma ↑ ? ?
Nervous tissue Neuroblastoma ? ? ↑
Oral mucosa Squamous carcinoma ? ↓ ?
Ovary – ↑↓ ↑↓ ↑

Granulosa cell tumors ? ? ↓
Prostate Androgen sensitive ↑↓ ↑↓ ?

Castration resistant ↑↓ ↑↓ ?
Testis Leydig cell tumor ↓ ↑ ?

Seminoma ↑ ? ?
Thyroid Papillary carcinoma ↑ ? ?

↑, increase; ↓, decrease; ?, unknown action
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tion of cell proliferation. It was reported that G1 induces transcription of Egr-1 
through GPER/EGFR/ERK signaling and induces the recruitment of Egr-1 to the 
CTGF and cyclin D1 promoter sequences [98].

In endometrial cancer cells and leiomyoma cells GPER increased cell prolifera-
tion also through the MEK/ERK MAPK pathway [126, 212, 240–242]. Pretreatment 
of endometriotic cells with G1 stimulated cell proliferation accompanied by rapid 
Akt phosphorylation, which was reversed by the GPER antagonist G15 [243]. 
Accordingly, a recent study showed that targeting GPER by the overexpression of 
the regulatory miR-424, decreased E2-induced cell proliferation by inactivation of 
the PI3K/Akt signaling [244].

In the case of ovarian cancer cells, an augmented proliferation was observed 
upon G1-stimulation and GPER activation, which was underpinned by an increased 
number of cells in S-phase, and upregulated levels of c-fos, cyclin D1, cyclin E, and 
cyclin A proteins [96, 245].

In primordial germ cells, precursors of both sperm and eggs, GPER activation by 
estrogens induced cell proliferation through Gβγ-subunit protein- and matrix 
metalloproteinase- dependent transactivation of the EGFR [17]. EGFR signaling 
activated the PI3K/Akt/β-catenin pathway, increasing c-fos, c-myc, and cyclin D1/E 
expression [17]. The proliferative effects of GPER over germ cells were confirmed 
at post-natal stages. G1 induced proliferation of the spermatogonial GC-1 cell line, 
with the upregulated expression of cyclin D1 and through a cross-talk between 
GPER and ERα, and activation of the EGFR/ERK/fos pathway [246].

Also in thyroid cancer cells, GPER activation caused transcriptional activity of 
c-fos promoter with increased expression of c-fos, cyclin A, and cyclin D1 [247].

The GPER also contributed to the proliferation and survival of mantle cell lym-
phoma cells, and its expression levels were correlated with Akt and MAPK phos-
phorylation, as well as, with cyclin D1 expression [248]. The activation of MAPK 
pathway by GPER also seems to be involved in the induction of proliferation in 
lung cancer cells [227].

There are also reports of GPER stimulation of cell proliferation through its acti-
vation by other compounds than estrogens or G1. It is the case of the estrogen- 
mimicking compound used in plastic production BPA that activates GPER with 
enhanced proliferation of breast cancer cells and augmented levels of c-fos, Egr-1, 
and CTGF proteins [98, 249]. BPA also was shown to increase proliferation of sper-
matogonial cells and the proliferative activity in testicular seminomas, effects medi-
ated by the GPER [155, 156, 250, 251].

Also, the ER antagonist 4-hydroxytamoxifen, known to act as an agonist of 
GPER [126], stimulated breast [97, 98] and thyroid [247] cancer cells growth. 
Regarding thyroid cancer cells, similar effects were seen with the phytoestrogen 
genistein [247].

Overall, the facts described above argue for the “villain role” of GPER in tissue 
homeostasis by its ability to promote cell growth and proliferation. However, the 
other face of GPER as the “good guy” is sustained by many other studies that dem-
onstrate it suppressive effects on cell proliferation, including in tissues where the 
pro-proliferative activity was described.
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The activation of GPER inhibited the growth of ER-negative breast cancer cells 
with the cell cycle arrested at G2/M [252]. These effects were underpinned by the 
downregulated expression of G2-checkpoint regulator cyclin B and increased 
expression of p53, as well as, by enhanced p53 phosphorylation at serine 15, which 
promotes its nuclear translocation and inhibits ubiquitylation. The augmented levels 
of p53 were also accompanied by increased expression of cell cycle inhibitor p21 
[252]. GPER also inhibited proliferation of ER-positive breast cancer cells, block-
ing cell cycle at G1, and decreasing the population of cells in S-phase, since both 
p53 and p21 proteins were upregulated by G1 administration [178]. G1 suppression 
of cell growth and arrest of cell cycle lead to caspase activation and apoptosis. 
Moreover, it was shown that G1 could bind the colchicine binding site of tubulin, 
inhibiting tubulin polymerization and the subsequent assembly of mitotic spindle 
apparatus in breast cancer cell mitosis [253].

In human cervical cancer cells, GPER activation induced G2/M cell cycle arrest 
and down regulated cyclin B expression, inhibiting cell proliferation through 
ERK1/2 and EGFR signaling [234]. Also, in human bladder-derived T24 carcinoma 
cells, E2 inhibited cell growth via GPER mediated phosphorylation of ERK [232].

In ovarian cancer cells, it was shown that G1 blocks tubulin polymerization ham-
pering the assembly of microtubules, which led to the cell cycle arrest and suppres-
sion of proliferation [254]. Similar G1 effects were observed in endothelial cells, 
with inhibition of DNA synthesis and accumulation of cells in S and G2 phases of 
cell cycle [255], and adult female rats hippocampus that displayed significantly 
diminished cell proliferation [256].

The activation of GPER was also associated with the decreased proliferation of 
adrenocortical carcinoma cells [186], and GPER-positive endometrial adenocarci-
noma cell lines HEC-1A and RL95-2, but not in GPER-negative endometrial adeno-
carcinoma HEC-1B cells [213].

In the other plate of the balance of tissue homeostasis, there is apoptosis, the 
fundamental biological process of programmed cell death that also seems to be 
regulated by the GPER. Curiously, and as discussed for cell proliferation, GPER 
actions in the control of apoptosis are the two faces of the same coin. Studies 
exist reporting that GPER activation diminishes apoptosis, while others defend 
the opposite.

The apoptotic process may be triggered by two distinct and interrelated path-
ways, the intrinsic (or mitochondrial) and the extrinsic (or death receptor) pathway 
that converge at the activation of apoptosis effector caspase-3 [257]. Nevertheless, 
the GPER effects have been mainly related to the mitochondrial pathway and altered 
expression or activity of the Bcl-2 protein family of apoptosis regulators [258]. The 
antiapoptotic effect of GPER was stated, for example, in the ERα-negative ovarian 
cancer cells OVCAR5, by diminishing the expression of cleaved-caspase-3 [245]. 
In rat Sertoli cells, GPER seems to decrease apoptosis, by increasing the expression 
of Bcl-2 and decreasing Bax levels [259], respectively, anti- and pro-apoptotic 
members of the Bcl-2 family [258]. The same effect of GPER activation elevating 
Bcl-2 levels and reducing Bax with the consequent inhibition of apoptosis was seen 
in myocardial cells following ischemia/reperfusion injury [260]. The GPER 
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 activation through the ERK pathway also was seen to be cardioprotective by inhibit-
ing the opening of mitochondria permeability transition pore mPTP [261]. 
Furthermore, GPER stimulation enhanced mitochondrial function and decreased 
oxidative stress in cardiac muscle [262]. Moreover, decreased TNF-α levels were 
reported following ischemia-reperfusion and GEPR activation [260]. Accordingly, 
E2 enhanced Bcl-2 expression and CREB phosphorylation, preventing oxidative 
stress-induced apoptosis in keratinocytes by phosphorylating cAMP response ele-
ment-binding protein via cAMP/PKA pathway, an effect mediated via membrane 
GPER [99]. The GPER also showed antiapoptotic and protective effects in spinal 
motor neurons after injury through the activation of PI3K/Akt pathway [263].

Other mechanism associated with the GPER inhibition of apoptosis was reported 
in the ER-positive MCF7 breast cancer cell line, and involves FOXO3a inactivation 
[264]. FOXO3 is a transcription factor that specifically induces the transcription of 
proapoptotic genes, such as Bim, p21, and p27 [265]. The activation of GPER leads 
to rapid FOXO3a translocation to the cytoplasm, and this process seems to be 
achieved by the p110α catalytic subunit of PI3K as a result of EGFR transactivation. 
Additionally, G1 stimulation of MCF7 cells resulted in decreased caspase activation 
under proapoptotic conditions [264]. In this report, the SERMs tamoxifen and ral-
oxifene, as well as ICI 182,780, also were able to mediate FOXO3a inactivation in 
a GPER-dependent mechanism [264].

The antiapoptotic action of GPER was also evidenced by the use of GPER antag-
onist G15. Administration of this compound induced apoptosis of human oral squa-
mous carcinoma cells, indicating that GPER activation is needed to sustain cell 
survival and diminish apoptosis [184].

Nevertheless, a substantial number of studies report the proapoptotic nature of 
GPER. In ER-positive MCF7 breast cancer cells, and contrastingly with the stated 
above, the proapoptotic role of GPER also was described. Knockdown of receptor 
was linked to decreased basal expression of tumor suppressor protein p53, and 
increased apoptosis and decreased cell-cycle progression [266]. This proapoptotic 
action of GPER was also found in the ER-negative SK-BR-3 breast cancer cells, 
concomitantly with enhanced expression of Bax, Bim, and cleaved-caspase-3, and 
diminished expression of Bcl-2 [205, 252]. Similar effects were seen in the triple- 
negative MDA-MB-231 and MDA-MB-468 breast cancer cells [208] that, despite 
devoid of classical ERs, are known to express GPER [208], which demonstrates the 
importance of GPER inducing apoptosis.

Also in other tumor types, the GPER effects inducing apoptosis were indicated. 
It is the case of tumor Leydig cells, in which GPER activation led to apoptosis, with 
decreased Bcl-2 and increased Bax expression, diminished cytochrome c release, 
and decreased activation of caspase-3 and poly (ADP-ribose) polymerase 1 (PARP- 
1) [267]. In ovarian cancer cells, the GPER agonist G1 caused DNA fragmentation, 
increased the expression of cell-cycle inhibitor p21, and decreased the expression of 
Bcl-2 and cleavage of PARP and fodrin, two important markers of apoptosis [254]. 
Enhanced caspase-3 activation and apoptosis in response to G1 stimulation and on 
the dependency of GPER actions were also reported in human ovarian  endometriotic 
stromal cells [268], lung cancer cells [269] and adult T-cell leukemia cells [231].
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Moreover, also in the adrenocortical H295R carcinoma cells, G1 treatment was 
shown to cause morphological changes in cell nuclei, DNA damage and apoptosis 
by the activation of the intrinsic pathway [186]. GPER agonist treatment increased 
Bax expression whereas decreasing Bcl-2, and increased cytosolic cytochrome c 
levels decreasing its content in the mitochondrial compartment. Accordingly, acti-
vation of the initiator caspase-9, as well as, the executioners caspase-3/7 was 
detected [186].

There is also the example of rat pachytene spermatocytes, in which GPER activa-
tion by E2 or G1 up-regulates the expression of proapoptotic factor Bax whereas 
downregulating the cell cycle regulators cyclin A1 and B1 [80]. Moreover, it was 
demonstrated that the rapid EGFR/ERK/c-Jun pathway modulates gene expression 
towards the balance between cellular proliferation and apoptosis [80]. Similarly, in 
the mouse spermatocyte-derived cell line GC-2, GPER activation caused rapid 
ERK, c-Jun and p38 phosphorylation, Bax upregulation, Bcl-2 downregulation, 
cytochrome c release, caspase-3 and PARP activation, DNA damage and increased 
expression of cell cycle inhibitor p21 [270].

GPER regulation of cell proliferation and apoptosis has also been linked with the 
regulation of other associated processes, namely, oxidative stress and Ca2+ homeo-
stasis. In lung cancer cells, it was shown that GPER regulates the NO levels, and 
superoxide dismutase (SOD), catalase and glutathione peroxidase (GPx) activity, 
contributing to decreased cell proliferation and increased apoptosis [269, 271]. 
GPER was able to increase T-type Ca2+ channels currents in trigeminal ganglion 
[272], and the activity of L-type Ca2+ channel α 1D subunit in endometrial carci-
noma cells and breast cancer cells, which was required for the E2-stimulated Ca2+ 
influx associated with the promotion of cell proliferation, and development of endo-
metrial cancer [273, 274].

In the scenario of cell-fate decision and maintenance of tissue homeostasis, it 
became evident the opposite effects of GPER in the control of cell proliferation and 
apoptosis. This duality of action most likely depends on a panoply of factors that 
may include the type of tissue and physiological context, the dose of activators and 
time of exposure, as well as other unforeseeable variables. The different effects of 
GPER also would be explained by a regulatory role of GPER shaped by the tissue 
specificity in particular environmental and biological conditions.

 GPER Influence Over Cell Migration and Invasiveness

Cell migration and invasiveness are coordinated biological processes that play a 
major role in cancer progression being closely related to metastization. The loss of 
cell-cell adhesion is a driven event for malignant cells evasion from their primary 
sites, which also depends on the degradation of the extracellular matrix, acquisition 
of an invasion phenotype, and finally, invading and metastasizing to other organs/
tissues [275]. Indeed, the great majority of cancer deaths (>90%) are caused by 
metastasis rather than by the primary tumors [276], which renders cell migration a 
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therapeutically relevant target point. Both migration and invasion seem to be pro-
moted by GPER in ER-negative breast cancer cells through the activation of ERK 
and Akt pathways, nuclear translocation of NF-κB and increased expression of 
interleukin-8 (IL-8) [277]. The role of this cytokine in the progression and metasta-
sis of a variety of human cancers has been discussed [278]. GPER activation also 
leads to migration and invasiveness of TNBC cells and inflammatory breast cancer 
cells, responses mediated by the activation of the ERK1/2 pathway [279, 280]. 
Furthermore, GPER seems to upregulate β1-integrin expression, through EGFR/
ERK signaling pathway, which promotes migration of CAFs and epithelial- 
mesenchymal transition of tamoxifen-resistant breast cancer cells [204], contribut-
ing to tamoxifen resistance via interaction with the tumor microenvironment [204, 
281]. Moreover, GPER activation can lead to the increased expression of IL1β in 
CAFs and IL1 receptor 1 (IL1R1) in breast cancer cells, promoting the interaction 
between these two cell types, the upregulation of inflammatory target genes, induc-
ing migration and invasion of breast cancer cells [282]. Accordingly, GPER inhibi-
tion with G15 seems to increase the sensitivity of epithelial breast cancer cells to 
doxorubicin by preventing epithelial-mesenchymal transition [283].

GPER actions prompting cell migration and invasion were also described in 
ER-positive breast cancer cells, through the activation of ErbB2-ERK signaling 
transduction pathway [284]. In this breast cancer cell type, GPER enhanced migra-
tion also by mediating the dramatic proteolysis of cyclin E, with the involvement of 
EGFR signaling [281]. Other results showed that E2 and ICI 182,780 enhanced 
adhesion of MCF7 breast cancer cells to matrigel, with increased autolysis of cal-
pain 1 and proteolysis of focal adhesion kinase (FAK), with calpain activation 
through the ERK1/2pathway [285]. Also, the xenoestrogen BPA stimulated migra-
tion of breast cancer cells and CAFs via GPER [249] by FAK, Src and ERK2- 
dependent pathways [286].

Interestingly, antagonizing GPER activity by natural compounds, like baicalein, 
diminished the expression of GPER target genes, including cysteine-rich 61 
(CYR61) and CTGF, and suppressed E2-stimulation of migration and invasion of 
breast cancer cells [138].

The pro-invasiveness effects of GPER were also identified in ovarian cancer cells 
OVCAR-5 and SKOV3 with modulation of expression and activity of MMP-2 and 
MMP-9, extracellular matrix proteins with a determinant role in cancer cell invasion 
and metastasis [287, 288]. Similar effects dependent on increased MMP-2 and 
MMP-9 production were seen in the endometrial Ishikawa and KLE cancer cells 
[241]. In the endometrial cancer cell line RL95-2, GPER mediated carcinogenesis 
and invasion via the activation of MEK/ERK MAPK pathway [240]. Moreover, the 
phosphorylation of FAK, a tyrosine kinase with a key role in tumor cells invasive-
ness [289], also was involved in the migration of Ishikawa and RL95-2 cells induced 
by GPER activation [290]. The association of MAPK pathway with cell migration 
and invasion in response to GPER activation also was described in lung cancer cells 
[199]. Also in lung cancer and mesothelioma, GPER contributes to the chemotaxis 
and migration, through IGF-I actions [291].
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In renal cell carcinoma, GPER activation mediated cell invasiveness via PI3K/
Akt/MMP-9 signals [235].

The environmental pollutant BDE-47 increased migration and invasion of neuro-
blastoma SH-SY5Y cells in a mechanism dependent on GPER [166]. The associ-
ated molecular events included the downregulated expression of E-cadherin and 
zona occludin-1, and the upregulated expression of MMP-9, via activation of PI3K/
Akt signaling pathway [166].

Nevertheless, contrary evidence exists depicting the role of GPER suppressing 
cell migration and invasion (Table 5.3). A recent study has shown that the activation 
of PI3K/Akt and ERK1/2 pathways by the GPER specific agonist G1 suppress 
migration and invasion of TNBC cells. Other responses included the inhibition of 
the epithelial mesenchymal transition by reducing the phosphorylation, nuclear 
localization, and transcriptional activity of NF-kB, [209]. There is also evidence 
that E2-effects mediated by the membrane GPER in human metastatic breast can-
cers lead to decreased cell adhesion, through a PKA-dependent mechanism requir-
ing the activity of voltage-gated sodium channels (VGSCs) [292].

In granulosa cell tumors, E2 decreased cell migration and matrix invasion, effects 
accompanied by GPER inhibition of ERK1/2 signaling through a non-genomic 
mechanism [219]. Other studies with ovarian cancer cells suggested that E2 inhibits 
tumor invasion, by inhibiting EGF-induced cell migration and the expression of 
urokinase plasminogen activator receptor (uPAR) expression, effects mediated by 
GPER [293]. Also in lung, and contrarily to the studies mentioned above, the activa-
tion of GPER showed to inhibit the migration of non-small cell lung cancer cells, 
suppressing the activity of IKK-β and NF-κB [294].

 Angiogenesis, Inflammation and the GPER

Angiogenesis and inflammation are other important hallmarks in tumor progres-
sion fueling cancer cell growth within the “hostile” tumor microenvironment. 
GPER activation increased VEGF levels in ER-negative breast cancer cells and 
CAFs via upregulation of the HIF1α in consequence of activation of the EGFR/
ERK/c-fos signaling pathway [83]. Moreover, the receptor seems to be involved 
in the formation of human endothelial tube, enhancing angiogenesis and tumor 
progression [83].

The GPER knockout mice display a pro-inflammatory phenotype with aug-
mented levels of the pro-inflammatory and immunomodulatory cytokines IL-1β, 
IL-6, IL-12, TNFα, monocyte chemotactic protein-1 (MCP-1), interferon γ-induced 
protein 10 (IP-10) and monokine induced by γ interferon (MIG), concomitantly 
with the decreased expression of the adipose tissue-specific cytokine adiponectin 
[295]. Contrastingly, the anti-inflammatory role of GPER was shown in endothelial 
cells, in which, receptor activation counteracted the TNF effects inducing upregula-
tion of pro-inflammatory proteins, namely, intercellular cell adhesion molecule-1 
(ICAM-1) and vascular cell adhesion molecule-1 (VCAM-1) [296]. Moreover, 
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 airway inflammation was suppressed by the GPER agonist G1 in a mouse model of 
asthma, apparently via IL-10 [297]. In human breast cancer cells, GPER inhibited 
the TNFα-induced IL-6 expression, probably through blockage of NF-κB promoter 
activity [298]. Consistent with that findings, a recent study in a GPER knockout 
mouse model, showed accelerated development of liver tumors, with immune cell 
infiltration, fibrosis, and production of inflammatory factors, including IL-6. More 
studies are warranted to establish the role of GPER in angiogenesis and 
inflammation.

 GPER as a Regulator of Cancer Cell Metabolism?

In the last years, the ability of tumor cells to reprogram metabolism, sustaining their 
high energy requirements, proliferation, and survival, has been indicated as a char-
acteristic of malignant transformation and recognized as a hallmark of cancer [299]. 
However, the most well-known adaptation of cancer cell metabolism was described 
in the 1930s by Otto Warburg and is known as the “Warburg effect” that consists in 
the increased glucose consumption followed by the augmented production of lactate 
instead of the oxidation of pyruvate in mitochondria, even under aerobic conditions 
[300]. In the light of available literature, GPER has “something to say” in the con-
trol of the metabolic process. GPER knockout female mice showed increased 
plasma glucose levels, leading to hyperglycemia and glucose intolerance, associ-
ated with the decreased expression of insulin in isolated pancreatic islets and dimin-
ished insulin release both in vitro and in vivo [301]. Likewise, glucose intolerance 
and insulin resistance were reported in the GPER knockout male mice [295]. In 
agreement, GPER seems to induce insulin secretion in pancreatic β-cells under low- 
and high-glucose conditions, through the activation of EGFR, ERK and PI3K/Akt 
pathways [302]. Curiously, insulin resistance is closely related to endometrial onco-
genesis, and it seems to up-regulate Ten-Eleven Translocation 1 (TET1) that can 
up-regulate the GPER expression, activating PI3K/AKT signaling pathway and pro-
moting cell proliferation [303]. Available data revealed an important role of GPER 
in glucose metabolism though in the particular case of cancer cells, information 
relating GPER with glycolytic metabolism is scarce, being an issue that deserves 
attention of direct studies. Nevertheless, Yu et al. [304] first reported the interplay 
between breast cancer cells and CAFs concerning glucose metabolism. This study 
showed that the activation of the PI3K/AKT signaling pathway in breast cancer 
cells induces the cytoplasmic translocation of GPER in CAFs, leading to the activa-
tion of GPER/cAMP/PKA/CREB signaling and to the aerobic glycolysis switch in 
CAFs. In turn, the glycolytic CAFs feed breast tumor cells with extra pyruvate and 
lactate augmenting mitochondrial activity. Moreover, cytoplasmic GPER expres-
sion in stromal fibroblasts predicted high tumor metabolic activity and potent energy 
transfer between the stroma and cancer cells [304].

Besides glycolysis, other energy routes are involved in the metabolic adaptation 
of cancer cells, namely, glutamine metabolism, and its resulting product glutamate 
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[305]. The glutamate transporter-1 (GLT-1) is an essential player removing the 
extracellular excess of glutamate. GLT-1 expression was shown to be increased by 
GPER activation triggered by G1 in rat primary astrocytes, which was accompanied 
by the increased uptake of glutamate [306]. The expression of glutamate aspartate 
transporter (GLAST), other transporter involved in glutamate uptake, was also 
increased in response to G1 [307]. Moreover, the mechanistic under this regulation 
was outlined with effects reported to occur via the MAPK/ERK, PI3K/Akt, TGF-α/
EGFR, Src, NF-κB and CREB pathways [307]. Further studies are warranted to 
confirm whether GPER actions regulate glutamine and glutamate metabolism in 
cancer cells, and if it has impact on disease progression and aggressiveness.

GPER also seems to have a major role in the regulation of lipid metabolism, 
another energetic pathway widely altered in cancer cells. Besides having a glucose 
intolerance phenotype, GPER knockout male mice display an altered lipid profile 
with increased cholesterol and triglyceride levels [295], which was corroborated by 
in vitro findings. GPER activation decreased triglyceride accumulation in cultured 
rodent β cells and reduced lipid synthesis in pancreatic islets by reducing the expres-
sion and activity of fatty acid synthase (FAS), the master effector of de novo lipo-
genesis [308]. This study also showed that the β cell transcription factor pancreatic 
and duodenal homeobox 1 (Pdx1) and the downstream target genes, such as proin-
sulin 1 (Ins1), glucose transporter 2 (GLUT2), and glucokinase (Gckr) were down-
regulated by E2 via GPER action [308]. Furthermore, the FAS is the target of 
lipogenic transcriptional regulators, namely, the sterol regulatory element-binding 
protein 1c (SREBP1c), the carbohydrate response element binding protein 
(ChREBP), and the liver X receptor (LXR) [309–311], which were suppressed in 
response to GPER activation [312].

However, in breast (SkBr3), colorectal (LoVo), and hepatocarcinoma (HepG2) 
cancer cells and CAFs, GPER seems to up-regulate FAS expression and activity, 
through the EGFR/ERK/c-fos/AP1 transduction pathway [313]. Other studies 
reported that the GPER action increased the expression of low-density lipoprotein 
(LDL) receptor, and that G1 stimulation induced the uptake of LDL in liver cells 
[314, 315]. Curiously, GPER promoted adipogenesis in vitro and seems to be 
involved in the development of obesity in female mice exposed to a high-fat diet 
since GPER knockout mice were resistant to diet induced-obesity, glucose intoler-
ance and insulin resistance [316].

Malate dehydrogenases (MDHs) are metabolic enzymes that function as tran-
scriptional factors to regulate the expression of oncogenes and tumor suppressor 
genes. The expression of MDH2, one of the isoforms of MDHs involved in citric 
acid cycle in mitochondria [317], was shown to be increased in endometrial cancer 
cells in response to GPER activation [318]. Moreover, the augmented expression of 
MDH2 lead to enhanced cell proliferation, migration and invasion but inhibited 
apoptosis of endometrial cancer cells by suppressing PTEN expression [318].

In sum, GPER has important roles in insulin sensitivity, glucose tolerance, adi-
posity and energy balance in many cell types, which ignites the curiosity about the 
activity of GPER in the metabolic reprogramming of cancer cells. Also, it is liable 
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to speculate that GPER selective ligands would have therapeutic value for cancer 
treatment targeting metabolism.

 GPER in Prostate Cancer

PCa is one of the most common oncological disorders in men, being highly frequent 
in men over the age of 50 [319]. Indeed, aging is the main risk factor for PCa, which 
raises the concern about its incidence in the next years considering the population 
aging in consequence of the increased expectancy of life. The vast majority of PCa 
patients (90%) develop castration-resistant PCa (CRPC), an advanced metastatic 
form of disease, characterized by its aggressiveness and resistance to the classical 
anti-androgen therapies, which remains incurable with an average survival time of 
only 16–18 months [320, 321]. The search for new and effective approaches for bet-
ter management and treatment of both localized and metastatic PCa remains crucial 
and urgent.

It is well established that the development and progression of PCa are strongly 
regulated by sex steroid hormones, with the male hormones androgens highly impli-
cated in the regulation of prostate functions from the embryonic development to 
adulthood, but also in the onset of prostate malignancy [322]. Estrogens, classically 
viewed as female hormones, also seem to have a relevant role in PCa with some 
studies reporting their actions as causative factors in prostate carcinogenesis [323, 
324]. On the other hand, estrogens have been used to treat PCa by its negative feed-
back actions at the hypothalamus and pituitary reducing circulating androgens lev-
els [325]. However, has also been shown that estrogens have beneficial direct effects 
on PCa cells [326]. Independent studies have indicated that these steroids can be 
protective against PCa by their proapoptotic and antiproliferative actions over pros-
tate cells [326, 327].

Estrogenic actions through the interaction with the classical nuclear estrogen 
receptors, ERα and ERβ, and involving genomic responses characterized by changes 
in gene transcription and protein de novo synthesis have been reported in both non- 
neoplastic and neoplastic prostate cells [328]. However, the activity of these recep-
tors in PCa relies on the paradigm that ERα is responsible for the proliferative 
effects of estrogens being oncogenic whereas ERβ is considered protective, anti- 
carcinogenic and related with the activation of apoptosis [329].

Also, the GPER has been identified in normal human prostate, and benign and 
neoplastic conditions. The prostate gland mainly encompasses two compartments: 
the fibromuscular stroma and the glandular tissue. In the glandular epithelium, it is 
possible to distinguish two histological layers, the secretory luminal layer consist-
ing of tall columnar cells responsible for the production of prostatic secretions, and 
an underpinning basal layer of cuboidal epithelial cells. The population of basal 
epithelial cells has shown to be heterogeneous and containing adult prostate stem 
cells, which have been proposed as cancer stem cells in the origin of PCa [330]. In 
the human benign prostate gland, a strong GPER expression was observed in the 
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cytoplasm of basal epithelial cells [331]. Therefore, it is liable to assume that GPER 
may the mediator of estrogenic actions in this proliferative prostatic compartment. 
Accordingly, GPER expression was found in prostaspheres derived from human 
normal adult prostate stem cells [332].

GPER also was found in human prostate epithelial cells, displaying both mem-
brane and cytoplasm localization [332–334]. Furthermore, a weak staining in the 
cytoplasm of stromal cells of benign prostate was also detected, suggesting the pos-
sible involvement of this receptor in estrogen signaling between stromal and epithe-
lial prostatic compartments [331]. Accordingly, GPER was found to be expressed in 
human primary prostate stroma cells, derived from fresh surgical prostate speci-
mens of benign prostate hyperplasia (BPH), and in the normal human prostate 
stroma cell line, WPMY-1 [335].

The reports characterizing the GPER expression in neoplastic conditions are 
relatively scarce, but a study found that GPER was expressed in 97.5% of all pros-
tate tumor cases evaluated [336]. It was described that pre-neoplastic lesions (high- 
grade prostatic intra-epithelial neoplasia) show higher GPER expression 
comparatively with non-neoplastic tissues, and that GPER expression decreases 
from moderately to poorly differentiated PCa [331]. Moreover, GPER expression 
was correlated with the Gleason score of prostate adenocarcinoma being intense in 
Gleason patterns 2 and 3, and weak to moderate in Gleason pattern 4 [331], which 
indicates an inverse relationship between GPER expression and neoplastic cell dif-
ferentiation. Despite the predominant, and sometimes nearly exclusive, cytoplasmic 
expression of GPER in PCa cases, areas with membrane and nuclear staining were 
also found [331, 336, 337].

Considering the androgen-sensitive stage of disease and CRPC, GPER seems to 
be more expressed in CRPC cases; 80% of metastatic CRPC highly express GPER, 
against only 54% of the primary PCa cases [338]. However, no correlation was 
found between GPER expression and, age, the Gleason score of primary cancer or 
PSA level. The type of androgen deprivation therapy, or duration of treatment also 
were not associated with GPER [338]. These results are not totally in agreement 
with the findings obtained in PCa cell lines. GPER expression levels were markedly 
higher in the normal progenitor prostate cells relatively to the androgen-sensitive 
PCa cell line LNCaP [332]. In CRPC cell line models PC3 and DU145, GPER 
expression was higher in PC3 cells, which mimic a more aggressive metastatic stage 
of disease [334]. Recent findings from our research group also demonstrated that 
GPER expression tends to be lost with the acquisition of the castration phenotype 
and aggressiveness of PCa cell line models; GPER expression in 
LNCaP > PC3 > DU145 cells (results to be published elsewhere).

As previously discussed for other cancer types, also in PCa, the GPER dual- 
mode of action has been described with opposite effects arising from separate inde-
pendent studies. Some authors argue that GPER is involved in PCa development 
and progression based on the assumption that GPER may mediate the estrogen- 
initiated transformation of prostate epithelium derived from normal human prostate 
stem-progenitor cells, and promote the progression to invasive adenocarcinoma 
[332]. These data were obtained in a novel chimeric mice prostate model containing 
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human-rat prostate tissues. Human prostate progenitor cells cytodifferentiated in 
chimeric prostate tissue originating epithelial hyperplasia, prostate intraepithelial 
neoplasia and PCa after exposure of nude mice to elevated concentrations of testos-
terone plus E2 [332]. The pro-tumor action of GPER was also supported by the fact 
that its activation by the specific agonist G1 induced growth of normal stromal 
prostate cells, but not of BPH-derived cells [339]. Furthermore, GPER activation 
induced ERK1/2 phosphorylation, which was suggested contributing to PCa pro-
gression and hormonal independence in the PC3 cell line [333].

On the contrary, a substantial body of evidence defends the protective role of 
GPER in PCa. Treatment of LAPC-4 (androgen-sensitive) and PC3 (castration- 
resistant) PCa cells with E2 or DES identified the growth inhibitory activity of 
GPER triggered by different mechanisms [340]. Also, G1 administration showed to 
inhibit growth of both androgen-sensitive (LNCaP) and CRPC (DU145 and PC3) 
cell line models [334]. The agonist G1 induced a persistent cell-cycle arrest at the 
G2/M phase in LNCaP and PC3 cells, which resulted in enhanced apoptotic activity, 
as indicated by the increase in the Annexin V–positive cell population [334]. 
Moreover, G1 effects mediated by GPER induced the activation of ERK1/2 and 
c-jun/c-fos dependent upregulation of p21, which was accompanied by the down-
regulated expression of G2-checkpoint regulators, such as cyclin B1, cyclin depen-
dent kinase 1 (cdc2) and its phosphorylated proteins, as well as by the diminished 
levels of cdc25C and cyclin A2 [334]. The mechanism involved in the GPER sus-
tained activation of ERK1/2 was disclosed recently being shown that it depends on 
the activation of Gαi1 proteins, which are highly expressed in PCa cells [341].

Interestingly, the low GPER expression described in poorly differentiated PCa 
was associated with an increased expression and activity of Akt, and the transcrip-
tion factor CREB [331], indicating that loss of GPER may promote PCa cell sur-
vival and proliferative activity.

Other relevant study in this field, using LNCaP (androgen-sensitive cell line) and 
PC3 (castration-resistant cell line) xenografts as PCa models, reported that GPER 
activation by G1 inhibited growth of castration-resistant, but not of androgen- 
sensitive tumors with no observable toxicity [338]. Growth inhibition of castration- 
resistant tumors by G1 was underpinned by the increased apoptosis, demonstrated 
by the increased number of cleaved caspase 3-positive cells [338]. Other study, 
similarly described the in vivo anti-cancer role of GPER in PC3 xenografts. G1 
administration significantly suppressed tumor growth having no effect on growth 
and histological features in the prostates of intact mice [334]. Moreover, this study 
showed that G1 treatment only inhibited the growth of PCa and actively proliferat-
ing BPH cells without affecting growth of quiescent cells.

In agreement with the in vitro and in vivo anti-tumorigenic actions of GPER 
mediated by estrogens and G1, a study with natural compounds also found decreased 
proliferation and increased apoptosis of PCa cells in response to GPER activation. 
The SDG, a lignan extracted from flaxseed was shown to suppress the development 
of BPH in a rat model [151]. ENL, the metabolite of SDG inhibited prostate cell 
growth, which significantly restricted the enlargement of rat prostate [151]. 
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Mechanistically ENL activated the ERK pathway causing cell cycle arrest with 
upregulation of p53 and p21 and downregulation of cyclin D1 [151].

The available literature unquestionably places GPER as a modulator of PCa cells 
growth regulating the expression of cell cycle-regulators and other cellular ele-
ments, but its influence over the control of metastatic features also was reported. G1 
treatment inhibited migration and the invasion properties of both PC3 and DU145 
cells by reducing the formation of filopodia and stress fibers [341]. G1 administra-
tion in vivo was also capable of reducing the intratumoral microvessel density in a 
castration-resistant xenograft tumor model [338], suggesting the anti-angiogenic 
role of GPER in PCa.

Other described effect of GPER in prostate is related with inflammation, with its 
activation leading to increased expression of COX-2 and augmented secretion of 
IL-8 by human prostate cells [342]. The pro-inflammatory actions of GPER were 
further supported by the observed marked intratumoral infiltration of neutrophils 
and upregulated expression of neutrophil-related chemokines and inflammation- 
mediated cytokines in a CRPC model after treatment with G1 [338].

In what concerns cancer cells metabolism, there are no reports implicating estro-
gens and GPER actions in the metabolic reprogramming. However, the emergent 
impact of metabolism as a therapeutic target together with others and ours recent 
findings highlighting the role of sex steroid hormones as metabolic regulators [343–
345] strongly encourage opening this “avenue” of research.

Overall, the high expression of GPER in PCa, particularly in CRPC, and the 
demonstrated beneficial effects of G1 agonist counteracting the malignant behavior 
of PCa and BPH cells, without affecting non-proliferating cells, confer GPER the 
“status” of a therapeutic target. However, and despite some important advances 
characterizing GPER activity in prostate cells and tissues, much more investigation 
is needed to fully resolve the multiple GPER’ actions in PCa and its therapeutic 
potential.

 Conclusions

GPER is a seven-transmembrane receptor with a wide mode of action activating 
several intracellular signaling pathways involved in the genomic and non-genomic 
effects of estrogens. In addition to E2 and G1, the most potent activators of GPER, 
several other compounds with the ability of binding GPER acting as agonists or 
antagonists have been pointed out. The astonishingly increasing list of these com-
pounds, encompass hormone ligands, synthetic compounds and environmental phy-
toestrogens and xenoestrogens, which places GPER in the physiological context of 
normal and oncological conditions, but also as a target of endocrine disruption. The 
diversity of biological processes under GPER control mainly includes cell prolifera-
tion, apoptosis, cell migration and invasion, angiogenesis, inflammation, and 
metabolism.
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The multifaceted GPER is expressed in a broad range of neoplastic and non- 
neoplastic tissues, which further extends its broad scope of action. The development 
of GPER specific agonists and antagonists, as well as cell and animal knockout 
models have contributed greatly to ascertain its role in cancer and other diseases. 
GPER was associated with the development and progression of breast, ovarian, 
endometrial and testicular cancers. However, other strong evidence of GPER actions 
counteracting known hallmarks of cancer as exacerbated proliferative activity and 
resistance to apoptosis support its role as a tumor suppressor.

In prostatic tissues, GPER is expressed both in normal gland and PCa. Also in 
this case, a duality in the GPER role has been reported. Studies arguing the caus-
ative role of GPER in prostate carcinogenesis are available in the literature, co- 
existing with others defending the protective action of GPER in PCa development. 
Reports indicating the high expression of GPER in PCa cases, together with its 
effects suppressing cell growth, also allow speculating about its usefulness as a 
therapeutic target. Nevertheless, future research is needed to deeply clarify the role 
of GPER in PCa and establish its potential as a therapeutic point of intervention.

Overall, we can discuss that the distinct functions of GPER in different tissues, 
or even within the same tissue, may depend on the specific physiological/environ-
mental conditions in each tissue at a given moment, and/or of the experimental 
design including the type of ligand and the concentrations tested. The question of 
concentration would be quite relevant. For example, in the context of testicular 
apoptosis and male infertility, it was shown that at low concentrations estrogens act 
as survival factors whereas at high concentrations have the opposite effect inducing 
cell death [346, 347].

Finally, GPER can be viewed as a “cell guardian”, with their functions modu-
lated by tissue specificity and environmental conditions, i.e., GPER would act pro-
tecting cells that need to be protected from harmful stimulus, or destroying those 
that are “dangerous” for tissue homeostasis.
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