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KEYWORDS Abstract Breast cancer is the most prevalent malignancy that affects women worldwide,
Breast cancer; with approximately 70% of cases classified as hormone receptor-positive (HR"). Endocrine
Endocrine therapy; therapy is one of the principal treatment modalities for this patient cohort. However, a consid-
G protein-coupled erable proportion of tumors acquire resistance to endocrine therapeutics, resulting in reduced
estrogen receptor; effectiveness as the disease progresses, but the underlying mechanisms are not fully charac-
Hormone receptor; terized. The G protein-coupled estrogen receptor (GPER), a component of the G protein-
Resistant mechanism:; coupled receptor family, is hypothesized to mediate estrogenic effects independently of con-
Therapeutic strategy ventional estrogen receptors. In recent years, our research group and others have demon-

strated that GPER plays a crucial role in facilitating the clinical progression of HR* breast
cancer and significantly contributes to endocrine resistance. In this review, we summarize
the diverse mechanisms through which GPER mediates endocrine resistance, encompassing so-
matic alterations, epigenetic and non-genetic variations, and modifications within the tumor
microenvironment. Furthermore, we discuss GPER as a potential therapeutic target for over-
coming endocrine resistance of HR™ breast cancer in future clinical applications.

© 2025 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co.,
Ltd. This is an open access article under the CC BY license (http://creativecommons.org/
licenses/by/4.0/).

Introduction growth factor receptor 2 (HER2), and Ki-67 index. Distinct
combinations of these indicators define at least four pri-
mary subtypes of BC,*> which significantly contribute to
individualized precision therapy (Table 1). Luminal A type:
This subtype is positive for ER and/or PR (ER* and/or PR")
and negative for HER2 (HER2™), has a low Ki-67 index, and
makes up approximately 40% of all BC cases. The tumors are
typically well-differentiated, exhibit slow growth, and tend
to have the most favorable prognosis, with treatment typ-
ically involving anti-estrogen therapy.>®’ Luminal B type:
Accounting for roughly 20%—30% of all BC cases, this sub-
type is ER™ and/or PR, either HER2-positive (HER2") or
HER2™, and demonstrates a high level of Ki-67. The malig-
nant biological behavior of luminal B BC is marginally higher
than that of luminal A BC, and its prognosis is also slightly
poorer.>®7 Pure HER2 ™" type: This subtype constitutes 10%—
15% of all BC cases and is characterized by the absence of
ER and PR and the overexpression of HER2. These tumors
BC classification and treatments grow more rapidly than those of luminal tumors and gen-

erally have a poorer prognosis. However, they can be suc-
Currently, BC can be classified into diverse subtypes based cessfully treated by a combination therapy of
on the presence of several clinical indicators: estrogen re- chemotherapy and HER2-targeted therapy such as trastu-
ceptor (ER), progesterone receptor (PR), human epidermal zumab, pertuzumab, trastuzumab emtansine, and

Breast cancer (BC) is a frequently diagnosed malignancy,
accounting for 23.8% of new incidences and 15.4% of mor-
tality among cancer cases in women worldwide." Despite
substantial advancements in therapeutic approaches to
enhance survival in recent years, BC remains the foremost
cause of cancer-related death in women." Several molecular
mechanisms implicated in clinical drug resistance facilitate
tumor progression and result in eventual relapse. Once the
tumor metastasizes, the five-year survival rate for advanced
BC patients is less than 25%.2 Thus, understanding the un-
derlying intricacy of drug resistance and developing novel
therapeutic strategies are essential for achieving better
treatment outcomes and improving the dismal prognosis in
these drug-resistant BC patients.
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Table 1

Properties of the main clinical BC subtypes. BC can be classified based on the expression of certain receptors and Ki-

67, which are associated with the proliferation and prognosis of BC, as well as the indicated clinical treatment approaches. BC,

breast cancer.

BC subtypes Luminal A Luminal B HER2 over-expression Triple-negative
Proportion 40% 20%—30% 10%—15% 15%—20%
ER I S — -
PR +/— +/— — —
HER2 = +/- 4 -
Ki-67 Low Intermediate High High
Prognosis Good Intermediate Intermediate Poor
Treatment Endocrine Endocrine therapy and Chemotherapy and Chemotherapy and
therapy HER2-targeted therapy (if HER2™) HER2-targeted therapy immunotherapy (if needed)

neratinib.® "% Triple-negative type: Accounting for 15%—
20% of all BC cases and characterized as negative for ER
(ER™), PR (PR™), and HER2 (HER2™), the tumors are usually
poorly differentiated and behave more aggressively than
other BC types, making it the subtype with the poorest
prognosis. Chemotherapy is usually the main treatment in
the clinic, and combination with immunotherapy has also
achieved significant breakthroughs in recent years.®”"'"

However, the above commonly employed clinical clas-
sifications are inadequate to fully deal with issues of tumor
heterogeneity and drug resistance. The advent of RNA-
based molecular profiling is conducted to improve our un-
derstanding of BC heterogeneity and impact BC stratifica-
tion and treatment options. Because of pioneering
microarray expression profiling studies, five primary
intrinsic molecular subtypes, namely luminal A, luminal B,
HER2-enriched, basal-like, and claudin-low, exhibit dis-
tinctive biological, prognostic, and clinical characteris-
tics.'>"® Recently, Jiang et al made a considerable
advancement in this field by utilizing next-generation DNA
and RNA sequencing combined with metabolomics and
proteomics. Luminal BC can be further identified into the
following four molecular subtypes: canonical luminal,
immunogenic, proliferative, and receptor tyrosine kinase
(RTK)-driven." HER2-overexpressing BC is composed of
classical HER2, immunomodulatory, luminal-like, and
basal/mesenchymal-like subtypes.'® Triple-negative BC is
classified into four transcriptome-based subtypes: luminal
androgen receptor, immunomodulatory, basal-like immune-
suppressed, and mesenchymal-like.'®'” These distinct
molecular subtypes lay the foundation for developing more
precise treatment strategies based on individualized pa-
tient characteristics (Table 2).

Among these subtypes, the hormone receptor-positive
(HR™) subtype, including luminal A and luminal B, is the
most prevalent subtype and accounts for about 70% of all
BC malignancies,'® thereby representing a large proportion
of patients in the clinic. Endocrine therapies have sig-
nificantly reduced the recurrence and mortality of
HR* BC." A variety of endocrine treatment drugs (Fig. 1),
such as selective ER modulators (SERMs), aromatase in-
hibitors (Als), and selective ER downregulators (SERDs),
have been approved for adjuvant or rescue treatment in
HR* BC.%° Furthermore, recent efforts in drug development
of next-generation ER-targeted agents, including oral SERDs
and proteolysis  targeting chimeras (PROTACs)-ER

degraders, also offer another promising treatment op-
tion.?" The addition of cyclin-dependent kinase 4/6 (CDK4/
6) inhibitors (e.g., palbociclib, ribociclib, abemaciclib, and
dalpiciclib) to antiestrogen drugs has notably prolonged the
progression-free survival in patients with HR* metastatic
BC (mBC).?>"2> More importantly, there is a statistically
significant benefit in terms of invasive disease-free survival
from the addition of abemaciclib for 2 years or ribociclib for
3 years in combination with adjuvant hormone therapy in
HR* early BC with a moderate- or high-recurrence risk.%®%’
Although numerous advancements have taken place in the
field of endocrine therapy, the development of endocrine
resistance remains a considerable challenge, which may
lead to a poor prognosis for HR* BC in certain patients.
Endocrine resistance may involve complex mechanisms,
such as somatic alterations, epigenetic variations, and
changes in the tumor microenvironment.? The core factors
that trigger these resistant mechanisms still need to be
elucidated.

Genomic actions of classical ERs

The so-called classical ERs, namely ERa and ER, are nu-
clear ERs that mainly function as ligand-activated tran-
scription factors.?° Once estrogen binds to ERa, it
enables the receptor to dimerize, translocate to the nu-
cleus, and interact with transcriptional co-activators (such
as activator protein 1/AP-1 and specific protein 1/SP-1), or
directly bind to estrogen-responsive elements within the
promoters of target genes (such as MYC and cyclin D1).%"
These genomic actions regulate the cell’s oncogenic po-
tential and increase cancer cell proliferation, differentia-
tion, and the risks of DNA damage.??:>* Although targeting
ERa signaling is widely utilized in clinical practice, alter-
ations in ERa itself, including changes in expression level,
estrogen receptor 1 (ESR1) mutation, or ERa signaling self-
activation, frequently lead to endocrine resistance.*3°
Moreover, ERB is another nuclear receptor homologous to
ERa that is encoded by the estrogen receptor 2 (ESR2) gene
and has a structure similar to that of ERx.*¢ It interacts with
some ERa transcriptional co-regulators and shares similar
ligands with ERa, but with different affinities. In contrast to
ERa, activation of ERB generally leads to the inhibition of
proliferation, migration, and invasion in HR* BC,*” and the
ERB-mediated anti-hormonal treatments can be beneficial
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Table 2

Precision molecular classification of diverse BC subtypes. Luminal, HER2 overexpression, and triple-negative BC can

be further categorized based on their genetic and metabolic characteristics, which are related to the prognosis and precision
treatment strategies for BC patients. BC, breast cancer; HER2, human epidermal growth factor receptor 2.

BC subtypes

Luminal

HER2 over-expression

Triple-negative

Classificaton and
proportion

Genetic and
metabolic
characteristics

Possible prognosis

Potential
treatment

1) Canonical luminal (24.5%)
2) Immunogenic (25.4%)

3) Proliferative (33.6%)

4) RTK-driven (16.5%)

1) Enriched of PAM50 luminal
A, high PIK3CA™" and low
TP53™ "

2) Low chromosomal insta-
bility, high TP53™* and
enriched of immune cells

3) High chromosomal insta-
bility, high metabolism
abnormal, enriched of
PAM50 luminal B, activation
of cell cycle, and high ho-
mologous recombination
deficiency (HRD) score

4) RTK pathway activation

1) Good

2) Intermediate

3) Intermediate

4) Poor

1) Endocrine therapy and PI3K
inhibitors

2) Immune
inhibitors

3) CDK4/6 inhibitors and Poly-
ADP-ribose polymerase
(PARP) inhibitors

4) RTK inhibitors

checkpoint

1) Classical HER2 (28.3%)

2) Immunomodulatory (20%)

3) Luminal-like (30.6%)

4) Basal/mesenchymal-like
(21.1%)

1) High ERBB2 activation

2) Immune-activated
microenvironment

3) ER signaling activation

4) RTK pathway activation

1) Intermediate

2) Good

3) Poor

4) Poor

1) Standard
therapy

2) De-escalated therapy and
immunotherapy

3) Standard HER2-targeted
therapy and CDK4/6
inhibitors

4) Standard HER2-targeted
therapy and RTK inhibitors

HER2-targeted

1) Luminal androgen receptor
(23%)

2) Immunomodulatory (24%)

3) Basal-like immune-sup-
pressed (39%)

4) Mesenchymal-like (15%)

1) High prevalence in Asians,
PI3K/AKT and ERBB2 activa-
tion and low chromosomal
instability

2) High tumor infiltrating lym-
phocytes (TILs) infiltration

3) Enrichment of the HRD mu-
tation signature and high
chromosomal instability

4) Characteristics of stem-like
cells and JAK/STAT3
activation

1) Intermediate

2) Good

3) Intermediate

4) Poor

1) Endocrine therapy, targeting
ERBB2 and CDK4/6 inhibitors

2) Immune checkpoint
inhibitors

3) Low HRD score: Escalated
chemotherapy, intensive
monitoring; high HRD score:

Platinum drugs or PARP
inhibitors
4) STAT3 inhibitors

for triple-negative BC therapy.*® Interestingly, although
ERB reduces AKT signaling with subsequent decreased ef-
fects on proliferation, survival, and improved tamoxifen
sensitivity of BC cells,®” Meligova et al report that ERB2 (an
isoform of ERB) desensitizes MCF-7 cells to the inhibitory
effects of tamoxifen and fulvestrant, serving as a marker of
endocrine resistance.” Clinically, the dual roles of ERB in
breast tumors tend to correlate with significant differences
in patient prognosis.*' Thus, further research is needed to
better understand the potential factors that regulate the
physiological role of classical ERs and their involvement in
endocrine-resistant mechanisms.

GPCR family and non-genomic actions of GPERs

G protein-coupled receptors (GPCRs) represent the largest
family of transmembrane proteins and transmute a wide

range of physical and chemical stimuli within the cell by
coupling with intracellular heterotrimeric G proteins,
thereby governing multiple downstream signaling pathways
and transcriptional programs.*”** The GPCR repertoire is
expanded and diversified to meet the escalating need for
intercellular communication in the evolution of multi-
cellular organisms. Numerous efforts are being exerted to
illuminate the complex circuitry of GPCR signaling at both
intracellular and extracellular ligand levels,**" which
modulate multiple cellular functions integral to the fea-
tures of cancer, such as cell growth, proliferation, migra-
tion, metabolism, death, and drug resistance.”® Even
though GPCRs are not regarded as "genetic drivers" of
cancer, their roles in tumor progression have been firmly
established. Hence, GPCRs are considered excellent ther-
apeutic targets for the following reasons*”*: i) GPCRs are
typically highly expressed in pan-tumors; ii) The expression
of GPCRs is independent of the tumor stage and grade; iii)
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GPCRs are not frequently mutated in cancer tumors (less
than 1% of tumor samples), making them promising as sta-
ble targets for drug development. Nevertheless, there
remain numerous challenges in translating these GPCRs as
targets into clinical treatment. Tumors typically express
over 150 distinct GPCRs, and nearly half display altered
expression levels in the pathogenic stage.*’ As such, it is
still extremely difficult to identify precise and effective
GPCR targets. Although hundreds of GPCR-targeting drugs
have been approved or are under development for various
diseases, no drugs have been approved yet for clinical use
in BC patients. Therefore, during long-term endocrine
resistance in HR* BC, identifying a clinical target with both
GPCR and ERa functions will facilitate our better explora-
tion of the resistant mechanisms and present opportunities
to develop more accurate drugs with greater efficacy and
minimal adverse reactions.

GPER, a GPCR family member consisting of 375 amino
acid residues (Fig. 2A) and featuring the characteristic
traits of GPCRs, was identified and cloned in 1997, which
was formerly known as G protein-coupled receptor 30
(GPR30).%"52 Three physiological forms of endogenous es-
trogens, namely estrone, 17B-estradiol (E2), and estriol,
are known to bind to GPER. Estrone and E2 function as
agonists, while estriol acts as an antagonist, and GPER
shows no binding to other steroids, such as testosterone,
progesterone, aldosterone, and cortisol.>>>> Exogenous
estrogens, like bisphenol A (BPA) and phytoestrogens, are
mainly derived from diet and environment.’® Although
GPER can be activated by E2, it presents an independent ER
that is not homologous to nuclear ERa and ERB and acts
rapidly in a ligand-dependent manner (namely non-genomic
effect), making GPER the third novel type of ER.° Briefly,
the main GPER signaling can be described as follows: The
activation of GPER leads to the activation of Src family
tyrosine kinases and matrix metalloproteinases (MMPs), and
then promotes the release of heparin-binding epidermal
growth factor (HB-EGF). HB-EGF transactivates EGFR, fur-
ther activates the mitogen-activated protein kinase/
extracellular signal-regulated kinase (MAPK/ERK) and
phosphoinositide 3-kinase/protein kinase B (PI3K/AKT)
pathways, then up-regulates the expression of the proto-
oncogenes c-Fos, pS2, and cyclin A, cyclin D1, and cyclin E,
and regulates ion channels, including calcium, sodium,>®
and potassium.” The activated GPER also mobilizes the
calcium pool, causing a rapid increase in intracellular Ca*,
and stimulates adenylate cyclase as well as elevating the
intracellular level of the second messenger cyclic adeno-
sine monophosphate/protein kinase A (cAMP/PKA),° and
increases the involvement of the phospholipase C/protein
kinase C (PLC/PKC). The aforementioned GPER signaling
further influences other bypass signaling and downstream
gene expression, and regulates tumor growth, invasion,
metastasis, and clinical drug resistance (Fig. 2B).

Interestingly, clinical findings suggest that GPER and ER«
are independently expressed in BC tissues. 19% of BC pa-
tients present HR*/GPER™, and 43% of all patients dem-
onstrate HR*/GPER™, indicating that approximately 70% of
tumor tissues in HR * patients express GPER.®" Fur-
thermore, studies have also disclosed that GPER plays an
estrogen-mediated pro-cancer role by disrupting the ho-
meostasis of breast tumor glands, promoting cancer

progression, and leading to deteriorating prognoses,®’
especially as the mechanisms of endocrine resistance may
have numerous cross-talks with GPER or its related signal-
ing. In this report, we conducted a review of the detailed
mechanisms underlying the GPER-mediated regulation of
endocrine resistance in HR™ BC. Moreover, our review
identified possible therapeutic approaches targeting GPER
that may alleviate endocrine resistance or enhance the
treatment efficacy of HR* BC in the future.

Clinical findings between GPER and endocrine
therapies in HR* BC

Different endocrine therapeutics protect HR™ BC patients
through diverse mechanisms (Fig. 1B—G). For example,
SERMs (e.g., tamoxifen, toremifene, raloxifene, and laso-
foxifene) compete with estrogen for binding to ER and are
mainly utilized in pre-menopausal BC. Als (e.g., anas-
trazole, letrozole, and exemestane) lower systemic estro-
gen levels in post-menopausal BC by preventing the
conversion of androgens to estrogens. Intramuscular or oral
SERDs (e.g., fulvestrant, elacestrant, camizestrant, and
giredestrant) are believed to operate primarily by inducing
ER protein degradation or blocking ER transcriptional ac-
tivity.®> PROTACs-ER (vepdegestrant, ARV-471) facilitates
the interaction between ER and the ER3 ligase complex,
leading to ER ubiquitination for proteasomal degradation.®*
CDK4/6 inhibitors target the CDK4/6 complex, thereby
promoting the activation of retinoblastoma protein, which
hinders cancer cells from entering the G1 checkpoint to the
S phase of the cell cycle.® PI3K/AKT/mTOR (PAM) inhibitors
in combination with endocrine therapies have also been
approved for the second- or posterior-line treatment of
HR* mBC.%® These relatively mature endocrine drugs are
extensively used in clinical practice.

GPER and SERMs

Strong evidence has shown a distinct clinical correlation
between GPER and tamoxifen resistance. Long-term sur-
vival follow-up data show that GPER expression is asso-
ciated with a decreased response rate to tamoxifen therapy
in BC patients,®” 7% and this finding was supported by
a public dataset”’ for the discovery and validation of sur-
vival-associated GPER genes in high-risk lymph node-posi-
tive ER™ BC, who receive tamoxifen treatment (Fig. 3A, B).
Our team further identified that GPER was an initiator of
tamoxifen resistance in hormone-dependent BC, and long-
term endocrine treatment facilitated the translocation of
cell membrane GPER to enhance its downstream resistant
signaling.”>~”* Similar outcomes were also observed where
continuous exposure of tamoxifen fed back to up-regulate
GPER and increase tumor progression.”> ’° Interestingly,
GPER-induced tamoxifen resistance leads to secondary
decreased chemosensitivity by regulating the expression
and localization of ATP binding cassette subfamily G
member 2 (ABCG2),”* suggesting that GPER plays a crucial
role in triggering multiple drug resistance in BC. Fur-
thermore, apart from tamoxifen, GPER can also be acti-
vated by other SERM drugs like raloxifene and may
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Figure 1 The mechanism of estrogenic action through nuclear ERa in physiological situations and of common clinical endocrine
therapies. (A) In a physiological situation, when binding to synthesized estrogen, the ERa dimerizes and translocates to the nu-
cleus, binding co-activators to form a transcriptionally active ER complex and subsequently inducing the expression of downstream
target genes. (B) SERMs, such as tamoxifen, toremifene, and raloxifene, competitively inhibit the binding of estrogen to ERa. (C)
Als, such as letrozole, anastrozole, and exemestane, prevent estrogen production by inhibiting the aromatization of androgens to
estrogens. (D) SERDs, such as fulvestrant, are regarded as pure ERa antagonists. The inhibitory effect of SERDs is attributed to the
reduced ability of SERD-bound ERa to translocate to the nucleus. SERD-bound ERa undergoes degradation because of impaired
mobility. (E) PROTACs are heterobifunctional molecules that consist of a ligand for ERa and another ligand that serves as a sub-
strate for the E3 ubiquitin ligase complex. Once binding to ERa, PROTACs recruit the E3 ubiquitin ligase complex, which poly-
ubiquitinates ERa and marks it for proteasomal degradation. (F) CDK4/6 inhibitors, such as palbociclib, ribociclib, abemaciclib, and
dalpiciclib, target the CDK4/6 complex, hindering cancer cells from entering the G1 checkpoint to the S phase of the cell cycle. (G)
PAM inhibitors, such as alpelisib, capivasertib, everolimus, and inavolisib, target the inhibition of key molecules in the PAM sig-
naling pathways to achieve the purpose of inhibiting the cell cycle and growth of BC cells. ERq, estrogen receptor alpha; SERMs,
selective ER modulators; Als, aromatase inhibitors; SERDs, selective ER downregulators; PROTACs, proteolysis targeting chimeras;

CDK4/6, cyclin-dependent kinase 4/6; PAM, PI3K/AKT/mTOR.




Overcoming breast cancer endocrine resistance 7

A B ED
D
B, AT 0 D
/@Gk “— MVP<— SRC =" (SERIS)
GPER (SERDs>
EG,Q}P/ l st
& \PI3K/AKT A Nat, K* ¥
MAPK/ERK : L &Y )
: ’ . e
\® Tumor growth

T Ca?* mobilization
PLC/PKC

S
. Clinical drug resistance
Invasion *y
B

e Y e e - O
ez O (==
ECM ® =

' e
e Blood vessel (o]

Figure 2 The predictive protein structure of GPER and its intracellular downstream non-genomic signaling pathways. (A) The
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agonist G1, SERMs, and SERDs activate GPER, which is predominantly localized at the cell membrane or intracellularly at the
endoplasmic reticulum. GPER activates several heterotrimeric G proteins, leading to the activation of SRC, which further induces
the activation of MMPs, cleaves HB-EGF, and releases free HB-EGF. HB-EGF then transactivates the EGFR, which in turn activates
the downstream pathways of MAPK/ERK and PI3K/AKT, inducing gene transcription (such as c-Fos, pS2, cyclin A, cyclin D1, and
cyclin E) and regulating ion channels (such as Ca?*, Na*, and K*). Other G protein-activated multiple downstream cascades include
the activation of AC and the production of cAMP, followed by the activation of the PKA/CREB axis. The mobilization of Ca®" from
intracellular stores activates the PLC/PKC axis. The above signalings co-regulate downstream gene expression and promote tumor
growth, invasion, metastasis, and clinical drug resistance. GPER, G protein-coupled estrogen receptor; SERMs, selective ER
modulators; SERDs, selective ER downregulators; MMPs, matrix metalloproteinases; HB-EGF, heparin-binding epidermal growth
factor; MAPK, mitogen-activated protein kinase; ERK, extracellular signal-regulated kinase; PI3K, phosphoinositide 3-kinase; AKT,
protein kinase B; AC, adenylate cyclase; cAMP, cyclic adenosine monophosphate; PKA, protein kinase A; CREB, cAMP-response

element binding protein; PLC, phospholipase C; PKC, protein kinase C.

influence raloxifene sensitivity in vitro.2%' However, due
to the relatively limited universality of clinical applica-
tions, no clinical data regarding GPER and other SERMs
resistance have been reported.

GPER and Als

Currently, there is no direct clinical prognostic evidence
suggesting that GPER participates in resistance to Als.
Nevertheless, bioinformatics data from public datasets
revealed that GPER might be implicated in this event. High-
risk Ki-67"¢" ER™ BC patients who are treated with Als and
have high GPER expression showed a significantly reduced
relapse-free survival time compared with the population
with low GPER expression (Fig. 3C, D). Moreover, treatment
with Al drugs, including anastrozole, letrozole, and
exemestane, caused considerable expression changes of
GPER in various disease models in vitro and to a certain
extent in vivo,®? % suggesting a potential association be-
tween GPER and Al resistance. Thus, long-term follow-up
data should be further explored.

The serum level of estrogen is of great significance for Al
sensitivity in HR* BC, and ovarian function suppression is
widely employed in premenopausal patients. Conversely, in
postmenopausal patients, the aromatase gene cytochrome
P450 family 19 subfamily A member 1 (CYP19A1) may be

altered in Al-resistant tumors. CYP19A1 amplification was
reported in 21.5% of Al-treated HR" mBC and led to
enhanced aromatase activity, inducing non-steroidal Al
resistance.®”  Interestingly, tamoxifen  up-regulates
CYP19A1 expression through GPER not only in tumor cells
themselves but also in cancer-associated fibroblasts (CAFs)
from the tumor microenvironment.’®°' This data implies
that Al therapy alone may not offer sufficient sensitivity
once the HRT/GPER™ breast tumor develops tamoxifen
resistance. Therefore, the inclusion of the GPER-induced
aromatase gene in targeted sequencing panels may identify
a subset of Al-resistant tumors that would be strong can-
didates for other treatment methods, such as the combi-
nation of SERDs with CDK4/6 inhibitors or other target
drugs.

GPER and SERDs

SERDs are currently considered indispensable as either
single or combined therapeutics for the treatment of ER'
mBC. Among them, fulvestrant is the first approved SERD
and is administered intramuscularly. Recently, numerous
oral SERDs such as elacestrant, camizestrant, giredestrant,
and amcenestrant have been developed to overcome the
limitation of intramuscular administration and enhance the
bioavailability of SERDs in several phase IlI-lll clinical
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Figure 3 The association of GPER expression with clinicopathological characteristics in various cancer patients. (A, B) The

connection between GPER expression and OS rate in ER™ BC and high-risk LN*/ER* BC patients undergoing tamoxifen treatment.
(C, D) The relationship between GPER expression and RFS rate in ERT BC and high-risk Ki-67"¢" ER™ BC patients receiving Al
treatment. Highly GPER expression indicates a poor prognosis in clinical high-risk ER" BC patients undergoing endocrine treatments
(B, D). (E—J) The association between GPER expression and RFS rate in female or male patients with different solid tumors
(melanoma, lung cancer, liver cancer, bladder cancer, etc.) under the administration of diverse immunotherapies (e.g., anti-PD-1,
anti-PD-L1, and anti-CTLA4). A sex-specific phenomenon is noted where elevated GPER expression tends to result in a poor
immunotherapy response in female patients (E—G), which significantly differs from that of male patients (H—J). GPER, G protein-
coupled estrogen receptor; OS, overall survival; ER, estrogen receptor-positive; BC, breast cancer; LN, lymph node-positive;
RFS, relapse-free survival; Al, aromatase inhibitor; PD-1, programmed cell death-1; PD-L1, programmed cell death-ligand 1; CTLA4,

cytotoxic T lymphocyte-associated antigen 4.

trials.”>® Currently, clinical data regarding GPER and
prognosis in patients treated with SERDs are limited.
Giessrigl et al discovered that fulvestrant causes resistance
by modulating the expression of GPER and CDKé through the
involvement of methyltransferases, deacetylases, and the
human SWItch/Sucrose nonfermentable chromatin remod-
eling complex in the HR™ BC cells.” Combined with
numerous previous studies, it has been found that fulves-
trant acts as an agonist for GPER, initiating its downstream
signaling to promote the malignant biological behavior of
BC.”#%>"%° Therefore, sufficient follow-up time is still
necessary to explore the association between GPER and
SERD sensitivity in the clinic.

GPER and PROTACs

PROTACs are hetero-bifunctional small molecules that re-
cruit an E3-ubiquiting ligase to the target protein and have
the potential to degrade both ERs and GPER. Two ERs/
GPER-targeting PROTACs (UI-EP0O01 and UI-EP002) have

been designed, which effectively degrade ERa, ERB, and
GPER, inducing cytotoxicity and G2/M cell cycle arrest in
MCF-7 (ERa*/ERB"/GPER™) and SKBR3 (ERa.~/ERB~/GPER™)
BC cells but not in MDA-MB-231 BC cells that do not express
functional ERa/ERB/GPER.>> However, the efficacy of
monotherapy with PROTACs remains suboptimal, and com-
bination therapy with CDK4/6 or PAM inhibitors may present
a promising approach to enhance the treatment out-
come.'® Therefore, we hypothesize that targeting GPER
signaling in combination with PROTACs will be a significant
research direction to overcome clinical endocrine
resistance.

GPER and CDK4/6 inhibitors

Endocrine therapy in combination with CDK4/6 inhibitors
currently is the standard adjuvant therapy for moderate-to
high-risk HR* early BC and the first-line salvage therapy for
HR* mBC."°""192 Despite the considerable advancement of
CDK4/6 inhibitors in the treatment of BC, tumor resistance



Overcoming breast cancer endocrine resistance

9

to CDK4/6 inhibitors has been globally reported,'?*'%* and

there is an urgent need to explore their specific mecha-
nisms. Approximately 20% of patients with BC do not
respond to CDK4/6 inhibitors,'® which indicates that
a considerable number of HR* BC might encounter this type
of resistance. Intriguingly, the down-regulation of ERa
along with the up-regulation of GPER was discovered in
palbociclib-resistant ER* BC cells, and palbociclib induces
pro-inflammatory events via GPER signaling in CAFs,
mutually contributing to the decreased sensitivity to CDK4/
6 inhibitors.'% Furthermore, GPER mediates the increased
expression of various cyclins,®”"'% such as cyclin D1, cyclin
E, and cyclin A, which may be further implicated in the
resistance to CDK4/6 inhibitors. Considering the potential
differences in the pharmacological mechanism of diverse
CDK4/6 inhibitors, further exploration of the mechanism of
GPER and resistance to various CDK4/6 inhibitors is
expected to improve the prognosis of HR" BC.

GPER and PAM inhibitors

PAM inhibitors, such as the PI3K inhibitor alpelisib,'® the
AKT inhibitor capivasertib,’'® and the mTOR inhibitor
everolimus,'"" have been approved as clinical options fol-
lowing resistance to CDK4/6 inhibitors in HR*™ mBC. Inavo-
lisib, a highly selective inhibitor of the alpha isoform of the
p110 catalytic subunit of the phosphatidylinositol 3-kinase
complex (PIK3CA), was recently approved for PIK3CA-
mutated patients with HR™ mBC,"'? as its combination
therapy with palbociclib and fulvestrant led to significantly
longer progression-free survival compared with the placebo
plus palbociclib and fulvestrant group. However, the role of
PAM inhibitors in second-line or post-line therapy for mBC is
still limited, as a considerable number of resistance events
have been witnessed in the clinic. The precise mechanism
still needs to be further explored. Additionally, the clinical
application of PAM inhibitors depends on costly genetic
testing, thereby restricting their use in the clinic. Intrigu-
ingly, GPER signaling shows significant crosstalk with the
PAM pathways in various disease models, including
BC,""*~""® suggesting that the combination of targeting
GPER and PAM inhibitors might constitute an effective
treatment option, which can be achieved using convenient
and inexpensive immunohistochemical methods.

Mechanisms underlying GPER-induced somatic
alterations

Large-scale DNA sequencing maps of HR* mBC have clari-
fied the significance of somatic alterations related to the
poor response to endocrine therapy.''”~'?' These alter-
ations encompass ERa alterations, activation of RTKs and
non-genomic signaling, and alterations of endocrine
resistance genes and non-coding RNAs (ncRNAs) (Fig. 4).

GPER and ERa alterations

Our previous research revealed that negative correlations
were observed between GPER and ERa and PR expres-
sion.’”>'2 |n fact, during the long-term course of

endocrine drug resistance in HR* BC, down-regulation of
ERa expression and up-regulation of GPER expression have
been identified,”>'% suggesting a potential regulatory
mechanism of GPER-induced ERa alterations. Furthermore,
GPER co-expressed with ERa is detected in 36.6% of BC
tissues. '>* This co-expression is regulated by estrogen-ERu.
signaling in ERa* BC cells, and estrogen-mediated activa-
tion of GPER makes the tumor cells more receptive to GPER
ligands.'?® Collectively, this data indicates that there is
a complex mutual regulatory relationship between GPER
and ERa.

Except for the expression of ERa itself, the occurrence
of mutation in the estrogen receptor 1 (ESR1™") gene has
a well-defined mechanism, which occurs in approximately
30% of cases presenting endocrine therapy resistance. %'’
The influence of ESR1™*® on the activity of endocrine
therapy may significantly lead to resistance to Als, while
generally maintaining variable sensitivity to SERDs. %128
The possible reason might be that the initial treatment of
fluvestrant may cause a certain down-regulation of GPER,"*
making tumor cells temporarily sensitive to SERDs. How-
ever, after long-term stimulation by fluvestrant, GPER sig-
naling is gradually activated and then regulates ERax
function to evoke endocrine resistance. Moreover, the
analysis of the Cancer Genome Atlas database suggested
that ESR1™* and GPER gene co-expression predicted a poor
overall survival time and metastatic stage of BC patients.''®
Therefore, continuous in-depth studies of GPER-induced
ERa. alterations will help us better understand the mecha-
nisms of GPER-mediated endocrine resistance.

GPER and RTKs activation

HER2 (ERBB2) gene amplification has long been regarded as
a factor that reduces sensitivity to anti-estrogen treat-
ment. The standard treatment for ER*/HER2" BC involves
a combination of anti-estrogens and HER2 inhibitors.'*
Interestingly, GPER expression showed a strong positive
correlation with HER2 overexpression, histological grade,
large tumor size, and more metastatic disease.'?>"3°
Exposure to environmentally relevant concentrations of
hexachlorobenzene up-regulates the kynurenine pathway
and GPER levels, contributing to the progression of HER2*
BC."*" This indicates that GPER"/HER2" BC exhibits rela-
tively higher malignant behavior. Both GPER and HER2 can
mediate downstream signaling such as the MAPK and PI3K
pathways, which significantly contribute to endocrine
resistance. Furthermore, HER2-activating mutations are
also identified in approximately 5% of endocrine-resistant
mBC, causing these tumors to be not only resistant to es-
trogen deprivation and fulvestrant but also respond poorly
to the HER2 tyrosine kinase inhibitor."**'3* Although the
correlation between GPER and HER2-activating mutations
remains unknown, we infer that simultaneous targeting of
ER and HER2 might not be sufficient for the classical triple-
positive (ER*/PR*/HER2") BC. We need to pay more
attention to the new triple-positive subtype (ER*/GPER"/
HER2) and investigate whether simultaneous targeting of
ER, GPER, and HER2 may be better at overcoming endo-
crine resistance.
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EGFR amplification is detected in 1.7% of endocrine-
resistant mBC."** EGFR mediates fulvestrant resistance,
which can be reversed by combining EGFR or ERK in-
hibitors.'*> A large number of studies have confirmed that
GPER activation is accompanied by downstream EGFR/ERK
or EGFR/AKT activation and further enhances tamoxifen
and CDK4/6 inhibitor resistance.”?7491,97,106,136=143 cqp.
versely, epidermal growth factor induces GPER expression
through the EGFR/ERK transduction pathway, generating
positive feedback for the activation of GPER signal-
ing."**1*° Thus, precise blocking of the GPER/EGFR signal-
ing can significantly reverse endocrine resistance.

Amplification of the fibroblast growth factor receptor 1
(FGFR1) is found in over 20% of ER" mBC and is associated
with resistance to endocrine therapy and CDK4/6 in-
hibitors.'*®'*” The combination of FGFR inhibitors and
fulvestrant inhibits the growth of ER*/FGFR1-amplified
tumors,'® and clinical studies combining various FGFR in-
hibitors (such as dovitinib, erdafitinib, futibatinib, and
rogaratinib) and fulvestrant with or without palbociclib in
ER" mBC are showing an initial response rate
(NCT01528345, NCT03238196, NCT04024436, and

NCT04483505)."“° Moreover, there is a clear crosstalk be-
tween GPER and FGFR1 activation. GPER mediates the non-
classic estrogen pathway in the production of fibroblast
growth factor 2 (FGF2)"%"" and promotes forward FGF2/
FGFR1 paracrine activation coupling CAFs to BC cells for
tumor progression.'>> Therefore, the potential integration
of GPER/FGFR-targeted agents should be further inves-
tigated to improve the outcome of HR* mBC patients.
Activation of type | insulin-like growth factor receptor
(IGF-IR) signaling promotes growth, metastasis, and drug
resistance in BC.">* The combination of the IGF-IR inhibitor
linsitinib and fulvestrant is more effective than the single
agent in HR* BC cells,”™* and treatment with the IGF-IR
monoclonal antibody is capable of overcoming resistance to
hormone deprivation or anti-estrogen therapy.'>> However,
clinical trials of the IGF-IR inhibitor show disappointing
results in solid tumors,’ indicating that the IGF-IR inhibi-
tor alone is insufficient. Interestingly, insulin-like growth
factor-1 (IGF-I)/IGF-IR signaling up-regulates GPER expres-
sion and function in MCF-7 cells and CAFs, further partic-
ipating in tamoxifen resistance.'*">° More studies are
needed to understand the poor sensitivity to the IGF-IR
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inhibitors and provide future strategies for the combined
development of targeting GPER and IGF-IR inhibitors.

GPER and non-genomic signaling activation

As previously described, multiple non-genomic signaling
pathways elicited by GPER, such as the EGFR/MAPK/ERK and
EGFR/PI3K/AKT pathways, are significantly involved in
endocrine resistance in HR* BC. We further confirm that
a novel GPER-mediated cAMP/PKA/cAMP-response element
binding protein (CREB) signaling triggers the energy metab-
olism reprogramming (EMR) in tumors, and that targeting
cytoplasmic GPER in CAFs significantly reverses multiple drug
resistance, including tamoxifen therapy, Her-2-targeted
therapy, and chemotherapy.'® Simultaneously, acquired
endocrine resistance in HR™ BC is accompanied by an intense
GPER-induced intracellular Ca** mobilization,””** and es-
trogen regulates the Hippo signaling via the GPER/PLC/PKC
pathway to enhance breast tumorigenesis.'®' Whether the
GPER-induced Ca?" flux and PLC/PKC signaling directly
induce endocrine resistance remains unreported.

GPER and endocrine resistance gene
alterations

GPER primarily elicits downstream gene transcription via
non-genomic signaling. Connective tissue growth factor
(CTGF ), EGR-1, C-FOS, and C-MYC genes are identified as
the target genes of GPER, and play a crucial role in par-
ticipating in tamoxifen resistance of BC.%77%:90:142,157
Additionally, cyclins induced by GPER, such as cyclin A,
cyclin D1, and cyclin E, exhibit critical CDK4/6 inhibitor
resistance mechanisms involving altered activity of the
CDK4/6-cyclin D complex, overexpression of the cyclin E-
CDK2 complex, and CDK4/6 amplification.'>"%7:1% Qur
team has also determined that GPER promotes tamoxifen-
resistance in ER* BC cells by reducing B-cell lymphoma 2-
like 11 (BCL2L11) proteins'®? and mediates secondary drug
resistance by regulating ABCG2 expression and membrane
localization in tamoxifen-resistant BC.”* Therefore, the
exploration of GPER-induced alterations in endocrine
resistance genes will facilitate a better understanding of
the underlying mechanism.

GPER and ncRNA alterations

Increasing empirical data suggest that ncRNAs (such as
short and long ncRNAs) are inextricably involved in a wide
range of pathological processes including endocrine resist-
ance.'®® Among these short ncRNAs, multiple microRNAs
are regulated by GPER in promoting tumor progression and
endocrine resistance, such as miR-338-3p,'®* miR-21,'°
miR-144,"%° miR-42,'®” and miR-124."°® GPER-induced
HOTAIR/miR-148a may enhance the ER axis and trigger
tamoxifen resistance in HR * BC."%'%° We also reported
a novel mechanism of GPER-induced IncRNA-Glu in regu-
lating tumor glutamate secretion to increase cell inva-
sion."”? Still, further clinical investigations are necessary to
validate the correlation of GPER-induced ncRNAs with
endocrine resistance.

Mechanisms underlying GPER-mediated

epigenetic and non-genetic variations
In numerous studies,””'~"73 associations between epi-
genetic and non-genetic variations among BC subtypes,
resistance to endocrine therapy, or metastases have been
established, and GPER is extensively shown to be impli-
cated in these variations (Fig. 5). Here, we summarize the
observations that support the major role of GPER-mediated
epigenetic and non-genetic variations in endocrine resist-
ance and emphasize the significance of a better under-
standing of their mechanisms.

GPER and epigenetic reprogramming

Aberrant epigenetic regulations of estrogen signaling mod-
ulate chromatin accessibility in two ways, namely, i) through
post-translational modification of chromatin-bound histones
by histone acetyltransferases, histone deacetylases (HDAC),
and histone methyltransferases, and ii) via DNA methylation
conducted by DNA methyltransferases.'”* In fact, epigenetic
modifications mediated by GPER are closely examined in
endocrine resistance events. On one hand, GPER governs
epigenetic histone alterations (H3K4me3 and H3K27ac) to
affect tumor progression,'”>'7® and sex-specific mechanisms
are of utmost significance as the down-regulation of GPER is
associated with promoter hypermethylation and reduced
enrichment of H3K4me3 and H3K27ac marks around the GPER
promoter."'’’” On the other hand, tamoxifen influences GPER-
mediated DNA methylation patterns, particularly through
modulating the expression mode of demethylase TET3."7®
The potential of targeting GPER-mediated epigenetic mod-
ifications combined with HDAC inhibitors for individualized
endocrine therapy provides a novel approach to improve
treatment outcomes.

GPER and epithelial to mesenchymal transition
(EMT)

Resistance to endocrine therapies confers tumor cells an
enhanced capacity for survival and metastasis, simulta-
neously accompanied by the manifestation of the EMT phe-
notype."”® A considerable number of studies have probed the
GPER-mediated EMT phenomenon. We hypothesized that the
acquisition of EMT constitutes a GPER-dependent novel
pattern in tamoxifen-resistant BC cells.”>”* Mechanistically,
several EMT transcription factors mediated by GPER (e.g.,
Snail and Twist) and EMT markers (e.g., N-cadherin, fibro-
nectin, and vimentin) are involved. The activated GPER sig-
nificantly increases the expression and nuclear localization
of Snail and other key transcription factors of EMT.'8% 8
Triclocarban and triclosan down-regulate the expression of
the epithelial marker E-cadherin but up-regulate the mes-
enchymal markers Snail and N-cadherin, a phenomenon that
can be reversed by GPER inhibition.'®? This inhibition re-
duces BC cell migration'®? and emphasizes the role of GPER in
EMT and metastasis development.'®® In triple-negative BC,
GPER/Hippo/YAP signaling is associated with bisphenol S-
induced cell migration, and the inhibition of GPER/YAP axis
blocks the bisphenol S-triggered cell migration and the up-
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regulation of fibronectin and vimentin.'®*'®> More notably,
GPER up-regulates vimentin and down-regulates E-cadherin
in tamoxifen-resistant MCF-7 cells and is also implicated in
interleukin (IL)-6-induced migration, invasion, and tamox-
ifen resistance.'®® The inhibition of GPER also sensitizes
epithelial BC cells to doxorubicin by preventing EMT."’ In
addition, beyond BC drug resistance, GPER-mediated EMT
has been identified in other cancer subtypes, including gas-
tric cancer,'® lung cancer,'®® and cervical cancer.'”® Thus,
the available evidence suggests that GPER-mediated EMT is
a prevalent clinical phenomenon in tumorigenic cells, high-
lighting its role in the potential hallmarks of BC and feasible
therapeutic options to overcome endocrine resistance.

GPER and breast cancer stem-like cells (CSCs)

Breast CSCs have been involved in endocrine resistance,
and tamoxifen-induced CSC attributes are associated with
the acquisition of tamoxifen resistance.'®" Clinically, a sig-
nificantly positive interrelationship between GPER and

CD133 (a putative CSC marker) expression is discerned,’?
and GPER/PKA signaling is essential for the survival of
breast CSCs and potential tamoxifen resistance.'”® These
results can be further substantiated by other studies. For
instance, physiological levels of BPA functionality in GPER-
mediated CSCs underlie its remarkable tumor-promoting
properties.'™* Pro-opiomelanocortin is closely related to
protein phosphorylation mediated by GPER in breast
CSCs."'®> Zinc finger protein 32 (ZNF32) participates in the
GPER/ERK signaling and confers breast CSC characteristics,
which may indicate an unfavorable prognosis for BC pa-
tients.' Yet, the regulatory mechanisms between GPER
and CSCs in endocrine resistance remain ambiguous, and
more investigations are needed.

GPER and tumor EMR

HR™ BC has been evidently demonstrated to evade endo-
crine therapy by transitioning to aberrant tumor EMR.
Recent studies have indicated that endocrine and
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palbociclib-resistant cells show an increased dependency
on oxidative phosphorylation and elevated levels of reac-
tive oxygen species, thereby suggesting that oxidative
phosphorylation serves as a prospective target for endo-
crine treatment-resistant HR™ BC patients.'”’ We deter-
mined that cytoplasmic GPER translocation in CAFs
mediates the cAMP/PKA/CREB/glycolytic axis to endow
tumor cells with enhanced oxidative phosphorylation
through energy metabolism coupling, which further induces
multiple drug resistance, including endocrine resistance.'®°
Clinical data have revealed that a high expression of cyto-
plasmic GPER in stromal fibroblasts predicts an unfavorable
prognosis and a poor response to drug treatment.'®® Other
research teams have found that the GPER/hypoxia-indu-
cible factor-1 alpha (HIF-1a, a key tumor EMR factor) axis
acts as a principal regulator of peri-tumoral stromal
remodeling in the fibrovascular tumor microenviron-
ment,'”® and GPER-mediated stabilization of HIF-1¢ con-
tributes to the up-regulation of aerobic glycolysis in
tamoxifen-resistant cells.'” In conclusion, GPER is directly
involved in tumor EMR and mediates endocrine resistance,
and targeting the GPER/EMR pathway may be one of the
approaches to reverse resistant events.

Mechanisms underlying GPER-aroused changes
within the tumor microenvironment

There are intricate bidirectional signaling and reciprocal
interactions between BC cells and the tumor micro-
environment, which are significantly related to the bio-
logical behaviors of tumors, such as survival and
metastasis.’’’ Several components of the tumor micro-
environment, including hypoxia, non-immune stromal
components, immune modulation, and the extracellular
matrix (ECM), have been involved in endocrine resistance
(Fig. 6).

GPER and hypoxia

Hypoxia constitutes a crucial microenvironmental condition
that distinguishes tumor from normal tissue and is asso-
ciated with an unsatisfactory response to endocrine ther-
apy.'”® There is compelling evidence suggesting that GPER
is closely interrelated with hypoxia and causes tamoxifen
resistance.'”® Mechanistically, hypoxia up-regulates GPER
expression to exert anti-apoptotic effects via EGFR/ERK
signaling in BC cells.?’" HIF-10./GPER signaling further trig-
gers the expression of vascular endothelial growth factor
(VEGF) in CAFs to enhance tumor angiogenesis and pro-
gression,”°% and both HIF-10 and GPER are indispensable for
VEGF-induced human vascular endothelial cell tube for-
mation.?%*2% Furthermore, GPER in CAFs governs hypoxia-
driven BC invasion in a CTGF-dependent manner?®® and BPA
induces proliferative effects on both BC cells and vascular
endothelial cells through a GPER-dependent pathway under
hypoxia.?®® Hypoxia initiates a functional association
among HIF-1a, GPER, and the IL-1B/IL1R1 signaling towards
a metastatic gene signature and a feed-forward loop of IL-
1B that leads to BC proliferation and invasion.?’” However,
no studies have reported the involvement of GPER and

hypoxia in the resistance to SERDs, CDK4/6 inhibitors, and
other endocrine-targeted drugs.

GPER and non-immune stromal components

CAFs are one of the principal cellular components within
the breast tumor stroma and lead to angiogenesis, ECM
remodeling, EMT, CSCs, and EMR by secreting growth fac-
tors, cytokines, proteases, and metabolites, thereby fur-
ther facilitating tumor cell proliferation, invasion,
metastasis, and clinical drug resistance.?® In fact, GPER is
extensively involved in the aforementioned malignant bio-
logical behaviors. Specifically, our previous studies dem-
onstrate that over 60% of breast tumor stromal fibroblasts
express GPER,'® and other groups further show elevated
GPER expression in CAFs from tamoxifen-resistant tumors
compared with their sensitive counterparts, accounting for
CAF proliferation and migration.’"?%® In addition, tamox-
ifen up-regulates high mobility group box 1 (HMGB1)
expression and secretion in CAFs via GPER/PI3K/AKT sig-
naling to induce autophagy during the process of tamoxifen
resistance.’’® Other mechanisms of endocrine resistance
include GPER in CAFs, enhancing fibronectin/B1-integrin
signaling and lactate release to modify the tumor micro-
environment conditions.”>'®® The latest research shows
that palbociclib induces pro-inflammatory transcriptional
events via GPER signaling in CAFs, and microenvironmental
GPER contributes to the reduced sensitivity to CDK4/6 in-
hibitor.'® This data suggests that GPER from CAFs plays
a significant role in the crosstalk between the parenchymal
and stromal components of endocrine-resistant BC. In
recent years, the heterogeneity of breast CAFs has received
increasing attention. Based on gene expression patterns,
CAFs are predicted to perform multiple roles, such as in-
flammatory CAFs, myofibroblastic CAFs, matrix-producing
CAFs, and vessel-associated CAFs,?°%2'° which might exert
distinct effects in endocrine resistance. As the most
prominent subgroup of CAFs (over 60%), the heterogeneity
of GPER™ CAFs will be gradually explored in the future.
Tumor recurrence, metastasis, and clinical drug resist-
ance caused by neovascularization constitute the main
cause of mortality in BC patients, where vascular endo-
thelial cells can reactivate dormant tumor cells.?"" From
the perspectives of tumor cells and CAFs, GPER-induced
endothelial growth factor (VEGF) promotes angiogenesis
and tumor progression by enhancing vascular endothelial
tube formation.'#*:2927205.212 GPER is involved in the re-
sponses upon endothelin-1 (ET-1) exposure, such as the
migratory behavior of breast tumor cells and the formation
of tube-like structures in human umbilical vein endothelial
cells.?"® Regarding vascular endothelial cells themselves,
GPER contributes to the proliferation and migration of
breast tumor-derived endothelial cells,’* and VEGF is up-
regulated in a GPER-dependent manner by the treatment of
BPA under hypoxic conditions in vascular endothelial
cells.”®® It seems that targeted angiogenesis might be
effective in reversing endocrine resistance. However, in
a phase |l study of apatinib (an RTK inhibitor targeting
VEGFR) plus exemestane in HR* mBC (having progressed
after previous letrozole or anastrozole treatment), the
overall median progression-free survival is only 5.6 months,
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Figure 6 Mechanisms of GPER-aroused tumor microenvironment changes. (A) The functions of GPER under hypoxic conditions,
and (B) the roles of GPER in non-immune stromal components (B), immune regulation (C), and ECM remodeling (D) are shown.
GPER, G protein-coupled estrogen receptor; ECM, extracellular matrix.

and patients with 0—1 line of chemotherapy for mBC
showed no significant increase in median progression-free
survival compared with those with more than 2 lines of
chemotherapy (6.4 vs. 4.8 months; p = 0.09).2" This in-
dicates that endocrine therapy in combination with VEGFR-
targeted drugs alone may not be sufficient, and other
combinatorial treatments such as targeting GPER are wor-
thy of investigation.

Adipocytes, which are abundantly present in fat-rich
breast tissue, are regarded as an actively functioning tissue
involved in the secretion of various hormones and adipo-
kines and the regulation of fuel availability.?'>:2'® Obesity is
correlated with the clinical response to HR™ BC, and peri-
tumor adipocytes are gradually transformed by tumor cells
to become cancer-associated adipocytes.?'’"?'® In ovariec-
tomized postmenopausal obese mice, activation of GPER

leads to a reduction in adiposity and promotes the
expression of genes associated with mitochondrial bio-
genesis and fatty acid oxidation in fuel utilization.?'® The
treatment of 3T3-L1 preadipocytes with the estrogen/GPER
axis during differentiation inhibits lipid accumulation in
adipocytes by disrupting mitotic clonal expansion.??° Thus,
it is reasonably hypothesized that multiple functions of
GPER-activated adipocytes are involved in the endocrine
resistance of BC. Deletion of GPER triggers the activation of
mitochondrial uncoupling respiration to induce adipose
thermogenesis,”?' and low-dose BPA regulates inflamma-
tory cytokines through GPER in mammary adipose cells.??
Recently, direct evidence shows that cancer-associated
adipocytes are found to induce tamoxifen resistance by
activating the PI3K/AKT/mTOR pathway in HR*'/
GPER * BC,"" thereby making it necessary that more
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translational research efforts should be focused on this
area.

GPER and tumor immune regulation

Tumor immune regulation plays a cardinal role in prolifer-
ation, invasion, and metastasis, and exerts an influence on
the therapeutic susceptibility and prognosis of malig-
nancies.’”® The interaction between GPER and immune
cells is widely manifested. GPER is expressed in T cells, B
cells, monocytes, and macrophages, exerting immune ef-
fects and shaping the immune microenvironment.””* GPER
influences thymic functionality and triggers the expression
of IL-10 in CD4™ T cells,?* up-regulates forkhead box pro-
tein expression, and positively regulates programmed cell
death-1 (PD-1) in T regulatory cells.??® GPER reduces acti-
vation-induced proliferation of B lymphocytes and facili-
tates 1gG memory.”?” In monocytes/macrophages, GPER
decreases the expression of Toll-like receptor 4 (TLR4), and
inhibits the expression of prostaglandin E2, IL-6, and tumor
necrosis factor-o. (TNF-a).??® The GPER-specific agonist G1
enhances immune-mediated killing independently of ER
status and increases susceptibility to natural killer cell
death.?”’

In endocrine-resistant HR* mBC, GPER induces T-lym-
phocyte-related apoptosis, resulting in the inactivation of
the majority of immune cells infiltrating breast stroma and
influencing tumor proliferation.?>%?3" Tamoxifen resist-
ance-induced extracellular vesicles reduce immune cell
activation and the expression of immune checkpoint mol-
ecules.?*? Fulvestrant and BPA also predispose an immu-
nosuppressive tumor microenvironment via GPER,?%%?33
further suggesting that GPER may achieve tumor immune
evasion via endocrine resistance in HR™ mBC. More con-
vincingly, we discovered that GPER-induced metabolites
(pyruvate, lactate, and glutamine) from CAFs also com-
promised the immune function of CD8" T cells, leading to
BC immune escape (unpublished data). Thus, recapitulating
the immunoregulatory mechanism of endocrine-resistant
tumors provides insights into the potential clinical signifi-
cance of combining targeting GPER with immunotherapy in
HR* mBC.

GPER and ECM remodeling

ECM is responsible for modulating the proliferation,
migration, and clinical drug susceptibility of surrounding
cells, and it is composed of collagen, fibronectin, laminin,
and elastin.?** Bioinformatics analysis indicated that GPER
was associated with pro-migration and pro-metastasis sig-
naling pathways, such as cell adhesion molecules, ECM-re-
ceptor interaction, and focal adhesion routes.?3>23¢
Fulvestrant induces the coordination of GPER-mediated
fibronectin matrix assembly and growth factor release
through a Shc-dependent signaling?®”2*® and activates the
GPER-mediated ERK/calpain/cell adhesion pathway to
enhance metastasis and reduce the efficacy of antiestro-
gens in the treatment of HR™ BC.2*° GPER also mediates
cytoskeleton assembly and facilitates BC cell migration via
the PLCB-PKC and Rho/ROCK-LIMK-Cofilin axis.”*® Tamox-
ifen via GPER affects myosin-dependent contractility and

matrix stiffness mechanosensing to remodel ECM.%*! Inter-
estingly, GPER-inducing cellular cytoskeletal remodeling
can also be observed in pan-tumors, such as testicular germ
cell tumor,?*? ovarian cancer,?** CAFs,?** and T-cell lym-
phoblastic leukemia.?*> GPER expression could also influ-
ence the expression of collagen-1 (COL1A1) in CAFs,**® and
we hypothesized that GPER-mediated ECM reprogramming
could promote tamoxifen resistance by strengthening
communication with the tumor microenvironment via the
fibronectin/B1-integrin pathway.”® Collectively, these
studies suggest that targeting ECM components in combi-
nation with GPER and ER might provide substantial clinical
benefits in endocrine-resistant tumors.

Future directions and clinical perspective for
GPER

Although the roles and mechanisms of GPER in endocrine
resistance of HR* BC have been studied from multiple
perspectives, its clinical transformation still requires in-
depth exploration at least in the following domains: i) It is
essential to integrate precise and effective gene detection
techniques (such as whole genome sequencing”®’ and sin-
gle-cell RNA sequencing®*®) to investigate the activation of
GPER signaling and its downstream clinical markers in drug-
resistant tumors, further guiding individualized clinical
treatment and prognosis determination in HR™ mBC with
higher accuracy; ii) Circulating tumor cells are regarded as
one of the fundamental causes of relapse in BC,”* and
therefore the biological functions of GPER and circulating
tumor DNA in these cells still need investigation; iii) The
organ-specific niche plays a crucial role in tumor organo-
tropic metastasis. Recently, our team confirmed that
tryptophan 2,3-dioxygenase (TDO2)-positive matrix fibro-
blasts facilitate lung-specific metastasis and immune eva-
sion of disseminated tumor cells in the metastatic niche.?*°
Given that HR ™ mBC is highly prone to metastasize to bone
compared with other types,?' GPER could play a role in this
bone-specific metastasis after resistance to endocrine
therapy. iv) The clinical utilization of GPER may facilitate
better classification of luminal type BC. It is widely known
that over 70% of BC with ER" and approximately 70% of
tumor tissues express GPER in ER* patients. Thus, we can
further categorize these HR™ patients into four subtypes
based on GPER and HER2 status (Table 3). The ER"/GPER"/
HER2™ subtype (about 60% in HR* BC) requires dual inhi-
bition of both ER and GPER. The new triple-positive subtype
(ER*/GPER*/HER2", accounting for approximately 10%)
demands more targeted inhibition of ER, GPER, and HER2.
Similarly, conventional dual-targeted therapy to ER and
HER2 is sufficient for the ER"/GPER /HER2' subtype,
which constitutes only 5%, indicating that two-thirds of
classical triple-positive (ERT/PRT/HER2") BC treatments
still need further improvement because of the existence of
GPER. Classical endocrine therapy alone is only sufficient
for the ER"/GPER™/HER2™ subtype (accounting for 25%).
However, this classification method requires more clinical
validation.

Another major focus of GPER-related research should be
on preventing or overcoming resistance to the combination
of endocrine therapy and CDK4/6 inhibitors, as CDK4/6
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Table 3

Clinical classification of HR™ BC. HR* BC can be further classified based on the expression of GPER and HER2, which

are associated with the prognosis and the indicated clinical treatment approaches. BC, breast cancer; HER2, human epidermal
growth factor receptor 2; HR™, hormone receptor-positive; GPER, G protein-coupled estrogen receptor.

HR™ subtypes ER"/GPER"/HER2 ER*/GPER*/HER2™" ER"/GPER™/HER2™" ER"/GPER™/HER2
(New triple-positive) (Classical triple-positive)

Proportion 60% 10% 5% 25%

ER 4F IF I 4F

PR +/— +/— +/— +/—

GPER + 4F - —

HER2 = F 4F —

Possible prognosis Intermediate Poor Intermediate Good

Potential treatment

Endocrine therapy and
GPER-targeted therapy

Endocrine therapy,
GPER-targeted and
HER2-targeted therapy

Endocrine therapy and
HER2-targeted therapy

Endocrine therapy

Table 4

Summary of small molecule approaches targeting inhibition of GPER in BC. BC, breast cancer; GPER, G protein-
coupled estrogen receptor.

GPER-targeting Mechanism Concentration used Research phase Reference
inhibition drugs
G15 GPER-specific antagonist  In vitro: 10nM-10uM Preclinical research  [7274.92:10%

In vivo: 40pg/kg-1.46 mg/kg Le3:16¢e 187262220
G36 GPER-specific antagonist  In vitro: 50nM-1uM Preclinical research  [?7"-2731

MIBE (ethyl 3-[5-(2-
ethoxycarbonyl-1-
methylvinyloxy)-1-
methyl-1H-indol-3-yl]
but-2-enoate)

CIMBA (2-cyclohexyl-4-
isopropyl-N-(4-
methoxybenzyl)
aniline)

Endocrine-disrupting
chemicals (six kinds)

Estriol
Benzopyrroloxazine (two
kinds)

C4PY (meso-
octamethylcalix[4]
pyrrole)

Pyrrolo[1,2-a]
quinoxaline 14 c

ERa17p

HO-AAVPA (N-(2-
Hydroxyphenyl)-2-
Propylpentanamide)

GPER-targeting PROTACs
(UI-EPOO1 and UI-
EP002)

GPER antagonist

GPER antagonist

GPER antagonist

GPER antagonist
GPER antagonist

GPER antagonist

GPER antagonist
GPER inverse agonist

Decreasing GPER
expression

GPER-targeted
degradation

In vivo: 50 pg/kg
In vitro: 10uM-10mM

In vitro: 100nM-10pM
In vivo: 16—32 pg/kg

In vitro:
4-Tert-Octylphenol: 100 nM
Fenitrothion: 1 pM
Cypermethrin: 1 uM
Azoxystrobin: 1 pM
Malathion: 10 nM
Deltamethrin: 1 pM
In vitro: 100nM-1uM
In vitro:

PBX-1: 10 pM
PBX-2: 10 uM

In vitro: 1 uM

In vitro: 1 uM
In vitro: 10 uM

In vivo: 2 mg/kg
In vitro: 0.142mM—0.283 mM

In vitro: 10 uM

Preclinical research

Preclinical research

Preclinical research

Preclinical research
Preclinical research

Preclinical research

Preclinical research

Preclinical research

Preclinical research

Preclinical research

[268]

[274]

[275]

[276]
[277]

[278]

[279,280]

[281,282]

[283]

[101]
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GPER, G protein-coupled estrogen receptor.

inhibitors currently are a standard treatment for HR™ early
BC and mBC. The resistance mechanisms of CDK4/6 in-
hibitors involve numerous pathways, such as genetic,
morphological, and clinical heterogeneity,””” and have
substantial crosstalk with GPER signaling. For instance,
a PIK3CA-mutated HR"/GPER"™ mBC may imply that PAM
inhibitors should be used in combination with GPER-tar-
geted drugs. In HR* mBC, the clinical options after first-line
treatment with CDK4/6 inhibitors remain controversial.?>*
Furthermore, aside from PAM inhibitors, other CDK4/6 in-
hibitors re-challenge,”® and oral SERDs,?>> HDAC in-
hibitors,?>® chemotherapy,?*” and HER2-or trophoblast cell
surface  antigen 2-targeted antibody conjugating
drugs*®®?>° have been shown to improve progression-free
survival or overall survival in these patients, making these
options available as clinical alternatives. In the future, it is
feasible to identify the optimal second-line treatments
through targeted therapy combined with GPER.

Drug development for GPER and the implementation of
corresponding clinical studies targeting GPER in endocrine-
resistant tumors will constitute the core clinical task in the
coming years. Despite the existence of numerous small-
molecule approaches that indicate targeting inhibition of
GPER both in vitro and in vivo (Table 4),2¢°~27° the thera-
peutic efficacy of these compounds has yet to be verified in
the clinical setting. Interestingly, targeting GPER emerges
as an outstanding ally for immunotherapy, including anti-
PD-1, anti-programmed cell death-ligand 1 (anti-PD-L1),
and anti-cytotoxic T lymphocyte-associated antigen 4 (anti-
CTLA4) therapeutics. By leveraging a public dataset for
predicting biomarkers of immunotherapy effects in pan-
tumors,?’® a sex-specific phenomenon is observed that
elevated GPER expression reveals a markedly suboptimal
immunotherapy response in female patients (Fig. 3E—G)
relative to that of male patients (Fig. 3H—J). The recently

Potential therapeutic strategies combined with GPER-targeted therapy to combat endocrine resistance in the clinic.

developed LNS8801, an orally highly selective small mole-
cule GPER agonist, normalizes the level of c-Myc in several
cancer cells (excluding BC), inhibits tumor proliferation and
invasion, and enhances immune recognition.?’” 28! The
combinatorial treatment of LNS8801 and pembrolizumab (a
PD-L1 inhibitor) has entered phase 1/2 clinical trials
(NCT04130516), which represents the first clinical study of
GPER in several solid tumors (excluding BC). Preliminary
data suggest that the combination therapy shows encour-
aging anti-tumor activity in patients with pembrolizumab
resistance and is well tolerated.”®> Another phase 2/3
clinical trial of LNS8801 with or without pembrolizumab in
patients with refractory melanoma is scheduled to start in
November 2024 (NCT06624644). Interestingly, GPER as-
sumes immunosuppressive functions in BC,2277233:283-285
which contrasts sharply with its immunoactivating roles in
other solid tumors like melanoma, pancreatic, gastric,
lung, and colorectal cancers.?®® Therefore, GPER may have
potential as a screening biomarker for drug sensitivity in
the clinical setting. Developing a highly selective GPER-
antagonist drug for use alone or in combination with other
therapeutic modalities may improve the prognosis of HR*
BC.

Conclusions

Although the majority of HR* early BC is susceptible to
conventional endocrine therapeutics, the occurrences of
endocrine resistance still present an obstacle to the cure of
HR* mBC. Given that GPER constitutes approximately up to
70% of HR™ BC and is involved in endocrine resistance
through multiple mechanisms, such as somatic mutations,
epigenetic and non-genetic variations, and changes within
the tumor microenvironment, GPER is regarded as an
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optimal target for reversing endocrine resistance (Fig. 7).
Thus, GPER-targeted combination therapeutics for high-risk
HR* early BC and dormant BC cells can be employed to
achieve the maximum radical cure and prevent recurrence.
Further studies are needed to translate these discoveries
into more effective clinical approaches.
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