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Simple Summary: Despite new therapeutic approaches, ovarian cancer is still the most lethal
gynecological cancer that is mainly diagnosed in its advanced stages. Contrarily, endometrial cancer
is often detected in its early stages. However, in the cases of recurrence or advanced disease, treatment
options are still limited. Both the ovary and endometrium are affected by estrogens and their receptors.
The well-known estrogen receptor « (ERx) mediates estrogen effects such as the activation of cell
proliferation. In contrast, the functions of the later discovered ERs, ER3 and GPER1, and of estrogen-
related receptors (ERRs), are less understood. Increasing evidence suggests them to be involved in
tumor development, progression, and metastasis. This article provides a summary and update of the
current findings on the role of these receptors in ovarian and endometrial cancer to show at which
points further research is reasonable and might change the future of their treatment.

Abstract: Ovarian and endometrial cancers are affected by estrogens and their receptors. It has been
long known that in different types of cancers, estrogens activate tumor cell proliferation via estrogen
receptor « (ERo). In contrast, the role of ERs discovered later, including ERB and G-protein-coupled
ER (GPER1), in cancer is less well understood, but the current state of knowledge indicates them
to have a considerable impact on both cancer development and progression. Moreover, estrogen
related receptors (ERRs) have been reported to affect pathobiology of many tumor types. This article
provides a summary and update of the current findings on the role of ERf3, GPER1, and ERRs in
ovarian and endometrial cancer. For this purpose, original research articles on the role of ER3, GPER1,
and ERRs in ovarian and endometrial cancers listed in the PubMed database have been reviewed.

Keywords: estrogen related receptor; estrogen receptors; G protein—coupled estrogen receptor;
ovarian cancer; endometrial cancer

1. Introduction

Estrogens, as the main female sex steroids, have important functions in the regulation
of growth, differentiation, and other physiological processes in the human ovary and
endometrium [1]. Besides the long-known estrogen receptor (ER) «, the effects of estrogens
are also mediated by the later discovered ERf3, another member of the nuclear receptor
superfamily. Both estrogen receptors, coded by the genes ESR1 and ESR2, primarily act
as ligand-activated transcription factors that directly bind to DNA at specific estrogen
response elements (EREs), thus regulating the transcription of their target genes [1]. In
addition to this direct genomic action, they also trigger the activation of cytoplasmic kinase
cascades, which ultimately also result in gene regulation [2]. The tumor-promoting role
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of ERx in many estrogen-dependent cancers has been well studied. In contrast, the role
of ER in cancer is less understood, although several studies suggested this receptor to
have tumor-suppressive functions in breast and prostate cancer cells [1]. ERf3 expression
has been detected in the ovary and uterus, in luminal and myoepithelial cells of the
human breast, in subcutaneous adipose tissue [3], and in tissues of the prostate, testis,
and brain [4]. Alternations in ER[3 expression and signaling have been discussed in the
context of physiological and pathological processes [5-12] and were found to be involved
in the pathophysiology of various tumors [13-21]. In certain situations, ER(3 acts as an ERo
antagonist. Therefore, their ratio has an influence on their effects [22-24]. Moreover, splice
variants of the ESR2 gene (ER1, ER[32, etc.) activate cancer cells in various ways [25-27].
We, and others. published several studies on the role of ER in gynecologic malignancies
that indicate differential effects of this receptor in ovarian and endometrial cancer [28-32].

In addition to ERx and 3, the G protein-coupled estrogen receptor (GPER1) mediates
estrogen effects not as transcription factor binding to EREs, but via non-genomic signaling.
This seven-transmembrane receptor, formerly known as GPR30, has several mechanisms
of action. On the one hand, it mobilizes calcium and initiates CAMP synthesis. On the
other hand, it transactivates the epidermal growth factor receptor (EGFR) which induces
PI3K and MAPK signaling pathways and other mechanisms [33]. From these mechanisms,
GPER1 signaling ultimately leads to gene regulation affecting cell-cycle progression as well
as the proliferation, differentiation, apoptosis, migration, and invasion of the cells, making
it an important player in carcinogenesis [33].

Estrogen signaling is affected by estrogen-related receptors (ERRs), termed orphan
receptors. They are also members of the nuclear-receptor superfamily with three existing
subtypes, ERR «, 3, and y. Although they have a strong homology with ER«, they cannot
directly bind endogenous estrogens. Therefore, these receptors regulate gene expression
via post-translational modification or availability of transcriptional co-regulators rather
than ligand binding [34,35]. Moreover, the regulation of their expression alters their mode
of action during carcinogenesis [35]. These three subtypes exhibit distinct impacts not
only on physiological signaling or on the metabolic disorder type 2 diabetes mellitus, but
also on the carcinogenesis of hormone-related cancers [34]. For example, ERRx and ERRy
contribute to the regulation of bioenergetic processes, whereas ERR3 monitors placental
development and stem cell maintenance [34].

Ovarian cancer (OC) is the most lethal gynecological malignoma. In the majority of
cases, it is diagnosed in its advanced stages, as it is characterized by a great heterogeneity,
and effective treatment options are sparse. In endometrial cancer (EC), the course of the
disease is different [32]. In western countries, this cancer entity is the most commonly
reported gynecological cancer, mainly occurring in postmenopausal women [36,37]. Over-
exposure to estrogens, especially without the addition of progesterone, is considered to
be a relevant risk factor [36-39]. In 1983, Bokhman proposed a dual classification of the
EC. Type I EC occurs predominantly in obese women with hyperlipidemia and signs of
hyperestrogenism [40]. It is characterized by moderately to highly differentiated tumors
that often only infiltrate the myometrium superficially, are highly sensitive to progesterone,
and are associated with a good prognosis [40]. Having postmenopausal bleeding as an
early symptom enables diagnoses to be made often during the early stages of this condition.
In contrast, type Il EC is not associated with endocrine or metabolic dysregulation. These
are poorly differentiated tumors with a tendency for deep myometrial infiltration, with a
high likelihood of pelvic lymph node metastases [40]. Sensitivity to progesterone was 42.5%
compared with 80.2% for type I EC in Bokhman’s prospective study of 366 EC patients,
respectively [40]. Prognosis was significantly worse with a five-year survival of 58.8%
compared with type I EC (85.6%) [40]. In 2013, a new classification of EC was suggested
that takes into account molecular characteristics [41]. According to this categorization, EC
can be subdivided in POLE ultramutated, microsatellite instability hypermutated, copy-
number low, and copy-number high EC [41]. These subtypes have found their way into
the fifth edition of the WHO classification of female genitalia subdividing POLE-mutant,



Cancers 2023, 15, 2845

30f28

MMR deficient, P53 abnormal ECs, and those of no specific molecular profile [42]. ECs
with a non-specific molecular profile are often associated with hyperestrogenism such as
the classical former type I EC.

For a long time, ERx was considered to be the main player in estrogen signaling.
Today we know that the signaling mechanisms mediating the cellular response to this
hormone are much more complex. The following article provides an update on the role
of estrogen signaling in the pathophysiology of OC and EC, focusing on ERf, GPER1,
and ERRs.

2. Estrogen Receptor 3 (ER3)
2.1. ERB in Ovarian Cancer

2.1.1. ER Protein and mRNA Expression in Ovarian Cancer and Their Influence on
Patients” Survival

After the initial controversies mainly based on immunohistochemical (IHC) studies
using unspecific antibodies, the tumor-suppressive role of ER3 in OC became more and
more obvious.

ERp expression was found to decline in primary ovarian epithelial tumors compared
to normal ovarian tissue as it has been shown in breast, colon, and prostate cancer [43-53].
In their IHC-based study, Lindgren et al. analyzed 53 benign, borderline, and malignant
ovarian tumors of different types and found a significantly lower ERf3 expression in
ovarian cancer tissue compared to normal ovaries [54]. Moreover, the level of ER protein
expression in ovarian cancers has an impact on the survival of the patients. In the IHC-based
study published by Halon et al., a higher ERf3 expression (>30% of cells) was associated
with increased overall survival time and progression-free time (p = 0.00161 and p = 0.03255,
respectively) compared to patients with lower ERf expression [55].

Numerous studies determining ER3 expression in OC at the mRNA level via RT-qPCR
corroborated the results of IHC studies showing downregulation of this receptor in OC
tissue and its association with longer survival. Chan et al. reported a significantly lower
expression of ER3 mRNA in 161 OC samples compared to normal ovarian tissues (1 = 58)
and tissues of borderline tumors of the ovary (n = 25) [49]. Similar results were obtained in
a study by Suzuki et al. when comparing the expression of ERf3 in 64 OC specimens with
normal ovarian tissue via RT-qPCR [52]. Median expression levels of ERf3 were lower in
OC tissues than in normal ovarian tissues (p < 0.001). In another RT-qPCR based analysis,
ERp expression was found to be significantly lower in tumors of stages II-IV than in those
staged I (p < 0.001) [49]. OC patients with a higher ERf3 expression had a significantly
longer disease-free survival (p = 0.007) as well as overall survival (p = 0.011) [49].

The two ERs, ERx and ERp, are characterized by a tightly balanced interaction on
several levels. ER3 affects the transcriptional activity of ERx. Moreover, both receptors form
heterodimers, and bind to EREs present in endogenous hormone-regulated genes among
others with different patterns of affinities [56]. Accordingly, small changes in the expression
ratio of the two ERs have massive effects on cellular regulatory mechanisms [22,57]. In
breast carcinoma, ERo expression is routinely determined to evaluate the possibility of
anti-hormonal therapy. This is not yet the case in OC, although strong ERo expression
was found to be present in up to 70% of cases depending on the histological subtype [58].
Silvia et al. found low ERo expression in benign ovarian tissue and higher expression
in OC specimens in their IHC-based study [59]. However, the fact that they included
only 33 OC cases, and 17 benign ovarian samples, makes it impossible to draw definitive
conclusions. Another study, but also with low case numbers, showed a similar increase
in ERa expression in OC tissue compared to benign ovaries [60]. At the mRNA level,
Pujol et al. also observed an increase in ERx expression in OCs compared to benign ovarian
tissue [22]. The impact of ERx expression on the survival of OC patients has been discussed
controversially. In the large IHC-based consortial study published by Sieh et al. in 2013,
they observed that patients with OC of the endometrioid subtype survived significantly
longer when their tumors expressed ERx [58]. For high-grade serous OCs, they did not
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show an association of ERo expression with survival [58]. Bogush et al. performed a
quantitative immunofluorescence assay, and found that high expression levels of both ERx
(>25%) and ERf3 (>44%) in the OC samples predicted a signi-ficantly longer progression-
free survival (p < 0.01) in patients after the first-line treatment of platinum and taxane-based
adjuvant chemotherapy [57]. At the mRNA level, Pujol et al. observed an increase in the
ERa/ERB mRNA ratio in OC as compared with normal ovaries and cysts, which mainly
resulted from ER downregulation [22]. Similar data were obtained by Li et al. at the
mRNA and protein levels [23,60].

2.1.2. Influence of the Subcellular Localization of ERp on Its Action in Ovarian Cancer

Cytoplasmic ERs act through non-genomic signaling that interacts with growth factor
receptors or cytoplasmic kinases. Therefore, the subcellular localization of ERf affects its
action in OC [50,61-63]. An IHC-based study described a shift from nuclear to increased
cytoplasmic expression of ERf3 during the transition of normal ovarian tissue to OCs when
comparing 58 advanced OC specimen with 12 normal ovaries [50]. Our group investigated
specimens of 171 OC patients via tissue microarrays. We detected nuclear ERf in 47.31% of
the OC tissues and cytoplasmic expression of this receptor in 23.08%. Compared to better
differentiated cancers, nuclear ER3 expression was found to be significantly lower in the
G3 subgroup (p < 0.01) [62]. Patients with tumors expressing cytoplasmic ERp survived
significantly longer than those with ER3-negative OCs (chi-square statistic of the log-rank,
p < 0.05). In a big nested IHC-based case-control study within the prospective Nurses’
Health Study cohorts, of the included 245 OC specimens, 43% showed positive staining
for cytoplasmic ER(, and 71% for nuclear ERJ, respectively [63]. The authors pointed
out an inverse association between parity and nuclear ER(3 expression (OR, parous vs.
nulliparous: 0.46; 95% confidence interval (CI) 0.26-0.81), but not in tumors without nuclear
expression of ERB (OR, parous vs. nulliparous: 1.51; 95% CI 0.45-5.04; pheterogeneity = 0-04).
Conversely, parity was inversely associated with tumors without cytoplasmic expression
of ERf (OR, parous vs. nulliparous: 0.42; 95% CI 0.23-0.78), but was not associated with
cytoplasmic ERf3-positive tumors (OR, parous vs. nulliparous: 1.08; 95% CI 0.45-2.63;
Pheterogeneity = 0-05) [63]. Overall, further investigation of the differential roles of nuclear
and cytoplasmic ERfBs in OC is needed, as previous controversial findings on the role
of ERf in this malignancy may be, in part, driven by the differential function of ERf
depending on its cellular location.

2.1.3. ER Splice Variants and Their Distinct Actions in Ovarian Cancer

The subcellular location of ER is not the only factor affecting OC pathophysiology.
ER mRNA splice variants, partially coding for receptor proteins with an altered func-
tion, have been reported to exert different effects on the development and progression
of different types of cancer [52,64—68]. Ciucci et al. observed in their IHC-based study,
that the cytoplasmic expression of splice variant ER32 was found to be associated with a
reduced overall survival of OC patients (p = 0.006 at the multivariate analysis) [65]. The
five-year survival rate was nearly 28% for patients with tumors that expressed cytoplasmic
ERf2, and 60% for patients with cancers without cytoplasmic ERB32 expression [65]. These
data are in line with a more recent study published in 2022. Oturkar et al. performed a
tissue microarray with 44 high-grade serous OC specimens and examined the nuclear and
cytoplasmic expressions of ERf32 and p53 [64]. Primary tumors had lower cytoplasmic
ERp2 expression than their metastasis [64]. OC patients with high levels of ER(32 expres-
sion in primary tumors had shorter progression-free and overall survival [64]. All these
findings suggest a tumor-promoting, oncogenic role of ERf32 in high-grade serous OCs.
Another IHC-based study analyzed 106 ovarian cancer specimens, and identified ER35
as a prognostic marker in ovarian cancer [66]. They found significantly higher nuclear
ERp5 expression in advanced cancers [66]. Higher nuclear ER35 and lower cytoplasmic
ERp5 expression were found to be associated with serous and clear cell subtypes, and
poor disease-free and overall survival. In contrast to nuclear ER35, they demonstrated
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cytoplasmic ER(5 as a favorable prognostic marker in ovarian cancer [66]. ERB5 also
attracted attention in studies investigating its expression at the mRNA level. In a study
published by Suzuki et al., expression of ERp subtypes was compared via RT-qPCR in
twelve OC cell lines with six primary cultures from ovarian surface epithelium [52]. The
authors found a significantly lower expression of ERf31, ERf32, and ER34 (but not of ER[35)
in OC cell lines [52]. When investigating the mRNA expression in 17 clear cell OC tissues,
ERf5 expression was significantly higher than in those of other histological subtypes, and
was found to be comparable to the normal ovarian tissues [52]. Splice variant ER35 has also
been reported to exert tumor-promoting effects in breast cancer and EC, where its mRNA
levels were found to be significantly higher than in normal tissues [32,67,68]. However,
considering the small number of investigated OC speciments, it is too early to draw final
conclusions on the exact role of ER(35 in OC. These data point out that once more, further
studies are necessary, with higher numbers of included cases that examine the role of ERf3
splice variants in serous OC and in other histological subtypes of this tumor entity.

2.1.4. In Vitro Studies on ERf3 Action in Ovarian Cancer

Several in vitro studies suggested an ERx-independent tumor-suppressive role of ER3
in OC as it has been described for breast and prostate cancer [32,69,70] (Table 1). In a work
from our group, we observed a decrease in growth and motility, as well as an increase of
apoptosis of ERx-independent SK-OV-3 OC cells that were stably overexpressing ER[31. [29].
These tumor-suppressive effects occurred independently from functional ERcx as well as of
estrogens and were accompanied by notably increased mRNA levels of growth-inhibitory
cyclin-dependent kinase inhibitor p21(WAF1) and a considerable reduction of cyclin A2
mRNA levels. Moreover, we observed an upregulation of fibulin 1c, an extracellular
matrix protein, which is overexpressed in OC and breast cancer, and involved in the
regulation of cellular motility [29,71]. Furthermore, we demonstrated antiproliferative
and pro-apoptotic effects of heterologously expressed ER(3 in ERx-negative simian kidney
COS-1 cells even in the absence of E2 [72]. In line with this, a further study observed
ERp to exert antiproliferative effects on ERx-negative HeLa cells accompanied by a down-
regulation of cyclin D1 expression [73], an important cell cycle regulator known to mediate
the proliferative estrogen effects by ERa-induced transcriptional activation and to be
overexpressed in epithelial OCs [73-76].

Additionally, activation of ERp in OC cells by treatment with specific ERf3 agonists
was able to evoke these tumor-suppressive effects in a similar way [15]. OVCAR-3 and
OAW-42 OC cells were treated with the ER} agonists ERB-041, WAY200070, liquiritigenin,
and 3p-Adiol, resulting in a significant growth inhibition by up to 31.2%. In contrast,
knockdown of this receptor exerted notable growth-promoting effects. Transcriptome
analyzes revealed that the ER3 agonists triggered the downregulation of the cancer-related
genes PTCH2, ND6, and LCN1 [15]. In a recently published study, another newly developed
ERp agonist, OSU-ERb-12 was employed [77]. The activation of ERf3 with this agonist
impeded OC cell expansion and tumor growth [77].

Numerous studies have shown that cancer stem cells (CSC) not only have an influence
on remission, but also on the progression of tumor diseases [78]. Similar to other stem cells,
CSCs are able to differentiate and proliferate. Moreover, they seem to be resistant to com-
mon cytotoxic therapies [78]. Signaling pathways, cell surface molecules, and various other
molecular targets affect the behavior of CSCs. Furthermore, the microenvironment of the
tumor, microRNA, differentiation or resistance markers also influence their properties [78].
This makes CSCs relevant therapeutic targets to prevent both recurrence and resistance to
initiated therapies [78-83]. Banerjee et al. observed that the ER3 agonist OSU-ERb-12 re-
duced the CSC population in OCs by compromising the conversion of non-CSC to CSC [77].
On molecular levels, they observed a decrease in Snail expression by use of OSU-ERb12.
This resulted in an inhibition of the epithelial-to-mesenchymal transition (EMT), which is
involved in the formation of new CSCs [77].
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Another ER(3 agonist, LY500307, was recently investigated concerning its effect on
the reduction of OC stemness [79]. In this work, the authors demonstrated not only a
potent reduction of cell viability, but also sphere formation, and the self-renewal of OC
cells after treatment with LY500307. They also found expression of the tumor suppressor
genes CDKN1A and FDXR to be increased, whereas expression of the stemness markers
decreased [79]. Moreover, the tumor initiation capacity of OC cells was reduced after
treatment with LY500307 in orthotopic OC xenograft models [79].

In the future, it should therefore be investigated whether these effects on the CSC
population are also evoked by other ERf3 agonists. Taken together, these current findings
suggest that ER3 agonists may be promising therapeutic options in this lethal disease,
as they not only decrease tumor progression, but also decrease the risk of relapse and
metastasis by affecting CSCs.

Genetic variations could alter the risk of ovarian cancer via changes in estrogen biosyn-
thesis or signaling cascades. Our group investigated the influence of single nucleotide
polymorphisms (SNPs) in the promoter region of the ESR2 gene encoding ER3 on ovarian
cancer risk in 184 ovarian cancer samples [84]. Although an influence on disease risk was
not evident, the SNP rs3020449 was deemed to be able to influence disease progression [84].

In conclusion, there is increasing evidence indicating ER3 acts as a tumor suppressor
in OC (Table 1). Expression of this receptor was demonstrated to be lower in OC tissue
than in the normal ovary at both the mRNA and protein levels. Elevated levels of ERf3
were reported to be associated with an improved survival. In vitro studies on OC cell
lines demonstrated that the overexpression or activation of ER3 by specific agonists led to
reduced proliferation, motility, and migration, as well as increased rates of apoptosis of
the OC cells, and several studies suggested that these effects were independent from the
presence of estrogens and ERa. Several ER3 agonists were also shown to limit CSC and to
reduce the risk of metastasis and relapse using this quality. In future studies, the role of the
subcellular localization of ERf3 must be further elucidated, as well as the function of the
different splice variants in OC. Regarding the different OC subtypes, further studies with
larger sample numbers are needed to better understand the role of ER(3 in these subgroups.

Table 1. In vitro studies on ERf action in OC cell lines (1 increase; | decrease; KD, knockdown; EMT,
epithelial-mesenchymal-transition; and OCSC, ovarian cancer stem cells).

Suggested Function of

Cell Lines Experimental Strategy and Results ERB in OC Reference
Overexpression of ER(31
e growth |
SK-OV-3 e motility | tumor-suppressive [29]
e  p21 mRNA levels 1
e  cyclin A2 mRNA levels |
e fibulin 1c mRNA levels 1
ERB-KD
e growtht
OVCAR-3 and OAW-42 Treatment with ERB-agonists ERB-O41, WAY200070, tumor—suppressive [15]
liquiritigenin, and 33-Adiol
e growth |
e PTCH2,ND6,and LCN1 |
Treatment with ERp agonist OSU-ERb-12
Kuramochi, OVCAR4, cell expansion |
OVCAR3, PEO1, tumor growth | tumor-suppressive [77]

and OV2008

cancer stem cell population |
Snail |
EMT |
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Table 1. Cont.
. . Suggested Function of
Cell Lines Experimental Strategy and Results ERp in OC Reference
Treatment with ER3 agonist LY500307
OCSCs from ES2, Ov9o, ®  cell viability |
SKOV3, OVSAHO, and ® sphere formation | tumor-suppressive [79]
A2780 cells . self-renewal |
]
L]

stemness markers SOX2, Oct4, and Nanog |

2.2. ERB in Endometrial Cancer
2.2.1. ERp Protein and mRNA Expression in Endometrial Cancer and Their Influence on
Patients’ Survival

As mentioned, there is a considerable amount of evidence clearly suggesting ERf3 to
function as a tumor suppressor in breast cancer and OC. However, in EC, the role of ERf3
remains controversial, particularly judged from the results of the IHC-based studies. As
mentioned above, several studies which examined ERf3 protein levels in the EC tissue and
control tissue by IHC are now known to have used antibodies that were not specific for
ERp, but were also to detect ERot. Regarding tissue studies on the mRNA level, conflicting
results can emerge from inadequate PCR primer design. In contrast, various in vitro studies
employing EC cell lines came to conclusions which were far less conflictive.

To date, several studies exist based on the examination of ER mRNA expression
in EC tissue by the means of RT-qPCR. A study examining ER3 mRNA levels in benign
endometrial polyps reported the mRNA levels of this receptor to be similar to the adjacent
normal endometrium [85]. Saegusa et al. found similar ER3 mRNA expression levels when
comparing normal (n = 40), well-differentiated, and low-differentiated ECs (n = 48) [86].
In contrast, in a study by Smuc et al. on 16 EC samples, ER3 mRNA levels in EC tissue
were found to be lower compared to adjacent normal endometrium [38]. In line with this, a
recent study published by Hojnik et al. found significantly decreased ER3 mRNA levels in
EC tissue compared to adjacent normal endometrium when investigating 44 paired tissue
samples [87]. Thus, mRNA-based studies reported either unchanged or decreased ERf3
transcript levels in EC. However, due to the small number of investigated samples, definite
conclusions cannot be drawn [38].

At the protein level, Hu et al. examined the expression of ERec and ER3 by IHC in para-
tumor eutopic endometrium (n = 30), endometrial atypical hyperplasia (n = 30), and EC
(n = 65) with IHC [88]. According to their data, the expression of ERx was higher in atypical
endometrial hyperplasia and early-stage EC compared to para-tumor eutopic endometrium.
In contrast, the expression of ERf decreased from para-tumor eutopic endometrium to
EC [88], accompanied with an increase in Cyclin D1 and a decrease in p21/WAF1. Thus, the
authors concluded that the reduced expression of ER3 during the dedifferentiation process
related to the development of EC may suggest a tumor-suppressive function of this receptor
by antagonizing proliferative ERx action. Differing results were obtained in another recent
study by Hojnik et al. [87]. They evaluated the mRNA and protein expression of ER«, ERf3,
and GPER1 in 44 EC samples and adjacent endometrial control tissue using qPCR, Western
blot, and IHC [87]. Compared to healthy endometrium, ERx and ER3 mRNA and protein
expression was lower in EC tissue [87]. Moreover, they observed a correlation of ERx and
ERf3 mRNA and protein expression with those of GPER1 [87]. However, due to the small
number of included specimens, while these data provided possible indications, definitive
conclusions cannot be drawn. Moreover, this assessment differs from the conclusions of an
IHC-based study published by Obata et al. [89]. They evaluated the expression profiles of
p53 and ERp of 154 EC patients, and found an independent association of both parameters
with metastasis and recurrence using multivariate analyzes [89]. Moreover, patients with
tumors highly expressing both p53 and ERf3 had significantly shorter disease-free survival
compared to women p53-ER3-negative OCs (p < 0.01) [89].
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2.2.2. ERP Splice Variants and Their Actions in Endometrial Cancer

The expression of different ERB mRNA splice variants, partially translated into recep-
tor proteins with altered function, increases the complexity of ER3 signaling and its role in
EC. In a RT-PCR-based study by Chakravarty et al., ER(32 transcript levels were found to be
lower in 26 ECs than in 57 samples of proliferative endometrium [90]. In contrast, several
groups, including ours, found the expression of ERB1 and ER[32 to be unchanged in EC
when compared to postmenopausal endometrium [28,91]. In our study, we analyzed 46 EC
specimens and 28 normal endometrial tissues using RT-qPCR and investigated the expres-
sion of 18 ERf splice variants, and showed that ER(35 and three exon-deleted ER(3 variants
were overexpressed in EC [28]. Overexpression of ER(35 has been previously reported in
EC, but also in breast and OC [52,91,92]. These findings suggested a tumor-promoting role
of ER35 in ECs, which is supported by the fact that the expression of ER5 and of two
other ER variants was particularly elevated in G3 tumors when compared to G1 or G2
tumors or to postmenopausal endometrium [28]. An oncogenic role of ERB5 in EC was also
suggested by Collins et al. [93]. They observed ER35 forming heterodimers with ERx in
Ishikawa EC cells, increasing their sensitivity to E2 as a result. The authors speculated that
the expression of ER35 in endometrial epithelial cells may increase the risk of malignant
transformation [93]. Corroborating the suggested tumor-promoting role of ERf35 in EC, in
our study mentioned above, we found ERB5 to be not only be overexpressed in EC, but
also be positively associated with the expression of oncogene MYBL2 [28]. On one hand,
our group identified a unique ERp splice variant with a deleted exon 4, ERBA4, which
was significantly downregulated in G2 and G3 tumors, and in total EC samples [28]. On
the other hand, we found a positive association of seven ERf3 splice variants, including
ERR1 and ERB2, with the expression of oncogene HER? in EC tissue [28]. In addition, the
siRNA-triggered knockdown of total ER3 expression led to a significant decline of MYBL2
mRNA and protein levels in the EC cells.

Taken together, regarding the role of ER3 variants, several consistent studies suggest
that the ER(35 splice variant exerts tumor-promoting effects in EC. Conflicting results from
mRNA-based studies on the role of ER31 and 32 in EC might result from an inadequate
primer design. Thus, further studies are needed to clarify their potential tumor-promoting
role in EC through analyzing their mRNA expression in tissues, or using isoform-specific
overexpression or knockout in EC cell lines [32].

2.2.3. Impact of the ERot/ERf3 Ratio on Endometrial Carcinogenesis

Given that ERp can form heterodimers with ERx and is known to function as an ERx
antagonist in specific settings, the balanced co-expression of both receptors is a crucial factor
in endometrial carcinogenesis. IHC-based studies observed a decrease in the ERx/ERf3
ratio during carcinogenesis which was caused by both the down-regulation of ERx and
the up-regulation of ER(3 [94,95]. A decreased ER«/ERf ratio was found to be associated
with ovarian invasion in a large IHC-based study comprising 214 endometrial carcinoma
samples [96]. Other IHC studies revealed a decreased ERat/ERp ratio to be associated
with a shorter disease-free and/or overall survival [97,98]. In one of these studies, the
association was found to be significant for the ratio of ERx with ER31 and ER32, (HR 6.4;
95% CI 1.0-40.6; p = 0.04 and HR 9.7; 95% CI 1.1-85.3; p = 0.04, respectively) [98]. At the
mRNA level, low ERx/ERf ratios were associated with increased tumorous infiltration of
the myometrium and higher rates of lymph node metastasis [99,100]. However, data of the
effects of the ERx/ERf ratios on lymph node invasion are still conflicting [95]. Of note,
however, ERB expression alone did not correlate with clinicopathologic features. [96,101].
As demonstrated in previous studies on breast cancer, another hormone-dependent cancer
entity, the function of ER{3 in EC is also affected by the level of ER expression. Thus, the
analysis of both ERax and ERf3 levels in EC tissue is expected to provide superior prognostic
information in comparison to ER« alone [32].
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2.2.4. In Vitro Studies on ERf3 Action in Endometrial Cancer

In contrast to the conflictive data from studies analyzing EC tissue expression, most
in vitro studies employing EC cell lines suggest a tumor-suppressive role of ER( in this
tumor entity.

In the study of Hu et al. mentioned above, knockdown of ERfp in ERx-positive
Ishikawa EC cells promoted estrogen-induced cell proliferation via the upregulation of
cyclin D1 and downregulation of p21/WAF1 expression [88]. The authors of this study
suggested a tumor-suppressive role of ERf in EC. In a study by our group, we observed
that the tumor-suppressive effect of ERp on EC cells was exerted independently from
the presence of ERx as it has been shown in breast cancer previously [16,102-104]. The
knockdown of ERP by means of RNAI significantly increased the proliferation of both
ERo-negative/ERp-positive HEC-1A and ERa/ 3-positive RL95/2 EC cell lines (p < 0.05
and p < 0.01, respectively) [16]. The underlying molecular mechanisms were examined by
transcriptome analyzes, which revealed that the knockdown of ERf3 in the ERx-negative
cell line led to increased expression of several cancer-related genes, including cell cycle
regulator CCNLI and tumor-promoting NMPT, but to repression of genes associated
with differentiation, apoptosis, or growth inhibition. In the ERx-positive cell line, ERf3
knockdown led to the upregulation of the ERx coactivators PNRC2 and VAV3, the latter
being overexpressed in EC [16]. The observed knockdown effects were confirmed by the
application of the ERf3 antagonists PHTTP and (R,R)-THC, which led to the increased
proliferation of both cell lines. These results highlight that ERf has a tumor suppressive
effect at the endometrium, as it does at other tissues, and should prompt studies that further
investigate ERf3 as a therapeutic target in EC [16].

Estrogens induce proliferation of the endometrium and function as growth stimulators
in the context of EC. As estrogen levels are higher in obese women due to the aromati-
zation of androgens by the enzyme aromatase in the adipose tissue, EC risk is therefore
considerably increased in women who are overweight. Together with obesity, the so-called
metabolic syndrome, consisting of type 2 diabetes, arterial hypertension, and obesity, be-
came a widespread disease. Treatment of type 2 diabetes and prediabetes with metformin,
a guanidine, is commonly used. It has been shown that metformin acts a potent inhibitor
of proliferation in the ECC-1 and Ishikawa EC cells lines [105]. Zhang et al. investigated
the effects of metformin on cell proliferation and ER expression in EC cell lines that are
sensitive to estrogen [106]. The utilization of metformin led to a significant decrease in
E2-stimulated cell proliferation through the inhibition of the mTOR signaling pathway,
along with a significant inhibition of ERx expression and increase in ERf3 expression [106].
These data not only support the previously published data on the growth-inhibitory ef-
fect of metformin in EC, they also emphasize the tumor-suppressive role of ER{ in this
cancer entity.

In conclusion, regarding the various attempts to elucidate the role of ERp in EC,
most in vitro studies provided consistent results clearly suggesting that ER(3 functions
as a tumor-suppressor in EC (Table 2). In contrast, the results of studies examining ERf3
expression in EC tissues remain controversial [107]. One major problem resulting in
conflicting IHC studies is the known use of non-specific ER3 antibodies. Furthermore, in
many publications, only small case numbers were included [38,107]. Another problem
is the fact that the characteristics of the healthy endometrial tissue used as controls are
subjected to changes during the female cycle and depend on the menopausal status, which
was not considered in all studies [107-109].

Considering all available studies, further efforts are needed to examine to what extent
the consistent results from in vitro studies, clearly suggesting ERf to function as tumor-
suppressor in EC, can be verified on the tissue level, e.g., through its association with
clinical parameters in large patient cohorts, and by novel mechanistical studies which
should use the benefits of novel technologies which have led to current multiomics to
clarify the role of this receptor in EC.
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Table 2. In vitro studies on ERf action in EC cell lines (1 increase; | decrease; KD, knockdown).

Suggested Function of

Cell Lines Experimental Strategy and Results ER in EC Reference
ERB-KD
Ishikawa ¢  proliferation tumor-suppressive [88]
e cyclinD17
o p21)
ERB-KD
e  proliferation T
e  in HEC-1A cells: ERx-/ERp+: cell cycle regulator
HEC-1A and RL95 /2 CCNL1 and tumor-promoter NMPT ¢ . 16
-1A an / in RL95/2 cells: ERoc+ /ERB+: ER« coactivators tumor-suppressive 1e]

PNRC2 and VAV3 1
Treatment with ER antagonists PHTTP and (R,R)-THC
e  proliferation 1

3. G-Protein Coupled Estrogen Receptor (GPER1)
3.1. GPER1 in Ovarian Cancer

3.1.1. GPER1 Protein and mRNA Expression in Ovarian Cancer, and Their
Prognostic Relevance

Studies examining the expression of GPER1 in OC at the protein level by IHC came to
conflicting results. Kolkova et al. analyzed a TMA including 40 ovarian tumors and did
not observe a correlation between GPERI staining and clinical stage, histological grade, or
patient survival [110]. In line with this, Fujiwara et al. observed no relation between GPER1
expression levels with survival in an IHC-based analysis of 152 OC specimens [111].

In contrast, several studies suggested a tumor-promoting role of GPER1 in
OC [111-113]. An IHC-based study investigating tissue from 45 patients with ovarian
tumors of low-malignant potential and 89 patients with ovarian cancers showed a higher
expression of GPER1 in tumors of higher stage and grade [112]. Moreover, Smith et al.
reported a significantly lower five-year survival rate in tumors with a high expression
of GPER1 compared to those with low-GPER1 expression (33.3% vs. 72.4%, respectively,
p =0.001) [112]. Moreover, co-expression of GPER1 with EGFR was associated with a
shorter progression-free survival of OC patients [33,111]. Yan et al. observed an overexpres-
sion of GPER1 in OC that was found to be positively correlated with the expression of matrix
metalloproteinase 9 (MMP-9), which is often associated with increased invasion [113].

However, there are also contrary data suggesting tumor-suppressive functions of
GPERI1 in ovarian malignancies. Ignatov et al. analyzed GPER1 expression in 35 benign
ovarian neoplasms as well as in 35 borderline tumors of the ovary and 124 OCs [114]. Benign
tumors and those of a low-malignant potential were found to have significantly higher
GPERI1 expression levels than investigated OCs [114]. Early stage and well differentiated
cancers strongly expressed GPER1, which was found in 83.1% of all malignant tumors [114].
Moreover, they observed significantly longer disease-free survival for patients with GPER1-
expressing OCs compared to those with GPER1-negative tumors (p = 0.002) [114]. In
line with this, OC patients with tumors that had high mRNA levels of GPER1 survived
longer (HR = 0.86, p = 0.057), and had more lifetime without progression (HR = 0.81,
p = 0.0035) when open-access mRNA and clinical data by bioinformatical online tools were
analyzed [115]. Data recently obtained by the study of Fraungruber et al. also pointed in
the same direction. They analyzed 156 OC samples immunohistochemically, and found
a significant correlation between the WNT pathway modulator Dickkopf 2 (DKK2) and
cytoplasmic GPER1 expression (p = 0.001) [116]. High co-expression of Dkk2 and GPER1
was associated with better overall survival in OC patients (p = 0.024) [111]. These data
suggest a prognostic relevance of both pathways, and indicate that therapeutic interventions
targeting both estrogen and Wnt signaling pathways may be successful in OC [116].
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3.1.2. Influence of the Subcellular Localization of GPER1 on Its Action in Ovarian Cancer

As we already have shown for ERp, the subcellular localization of GPER1 might
also influence its role in the carcinogenesis of OC. Kolkova et al. further analyzed the
tissue distribution of GPER1 protein in 37 ovarian tumors [110]. GPERI1 is known to
be localized in the cell membrane as well as in intracellular membranes [117,118]. In
OCs, Kolkova et al. observed predominant GPER1 immunostaining of the malignant
epithelial cells. OC stroma only had weak or single cell staining [110]. In normal human
endometrial tissue, a comparable staining pattern was described [119,120]. In ECs, GPER1
was evident in the plasma membrane but also in the cytoplasm [110]. Consistent with this, a
previous work reported intracellular GPER1 trafficking between the plasma membrane and
cytokeratin intermediate filaments [118]. Smith et al. did not describe membrane staining,
but showed nuclear along with cytoplasmic staining [110,121]. Moreover, other studies
only differentiated between the nuclear and cytoplasmic expression of GPER1 [122,123].
Osaku et al. reported that for patients with high-grade serous OCs (n = 38), cytoplasmic
GPERI1 or nuclear GPER1 was associated with poor progression-free survival (p = 0.010 or
p = 0.013, respectively) [122]. Cytoplasmic GPER1 was an independent prognostic factor for
progression-free survival in high-grade serous OC patients (HR = 2.83, 95% CI = 1.03-9.16,
p = 0.007) [122]. However, in view of the small number of investigated specimens, the
results of this study must be treated with great caution. Zhu et al. analyzed tissue samples
of 110 OC patients via IHC [123]. In the cohort with nuclear GPER1-expressing tumors,
the risk of recurrence was found to be significantly higher. The presence of nuclear GPER1
predicted lower overall and five-year progression-free survival in all patients with OC [123].
Cytoplasmic expression of GPER1 was observed significantly more often in advanced OC,
however, it did not predict survival [123]. In conclusion, further studies should follow
to elucidate the effect of subcellular localization of GPER1 expression on carcinogenesis
in OCs.

3.1.3. In Vitro Studies on GPER1 Action in Ovarian Cancer

The reports from in vitro studies employing OC cell lines on the role of GPER1 in OC
also remain inconsistent, which partially can be attributed to the employment of different
cell line models, but also to the fact that various studies used only one single cell line, which
is commonly considered to provide data of limited significance.

In a recent in vitro study, GPER1, shown to be expressed in SKOV-3 and OVCAR-3
OC cell lines, was activated by the specific agonist G-1, resulting in increased caspase-
dependent apoptosis, as well as decreased proliferation via cell cycle arrest in the G2/M
phase. These findings were associated with an increased cyclin Bl and Cdc2 expression, as
well as the phosphorylation of histone 3, supporting a tumor-suppressive role of GPER1
in OC [114]. In line with these data, in a study from our group, a significant growth
stimulation of OVCAR-3 and OAW-42 OC cells after GPER1 knockdown was observed. In
both cell lines, treatment of these cells with the GPER1 agonist G-1 reduced growth dose-
dependently [115]. Treatment with G-1 elevated the basal caspase 3/7 activity in both cell
lines and induced the protein expression of the cell-cycle inhibitor p21/WAF-1 (CDKNAI).
Transcriptome analyzes using Affymetrix Gene-Chips corroborated the upregulation of
CDKNAL1 expression after G-1 treatment and identified 18 genes that were inversely affected
by the knockdown of GPER1 and the application of G-1. In general, transcriptome responses
after the use of G-1 was associated with decreased growth, whereas GPER-1 knockdown
induced signaling pathways associated with increased mitosis rates and inhibited those
associated with apoptosis and interferon signaling [115]. In line with this, another previous
study reported G-1 to block tubulin polymerization and thereby interrupt microtubule
assembly in IGROV-1 and SKOV-3 OC cells, which was followed by cell cycle arrest in
the prophase of mitosis, along with a decrease in proliferation of these cells [124]. One of
the underlying mechanisms observed was the increased expression of p21Cip1, a cyclin-
dependent kinase inhibitor known to be a target of p53 [124]. Moreover, the authors
observed a decreased expression of the anti-apoptotic protein BCL-2 as well as higher
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cleaved PARP and fodrin levels after G-1 application [124]. Taken together, data from these
in vitro studies clearly support a tumor-suppressive role of GPER1 in OC (Table 3).

On the other hand, the results of an in vitro study employing a single cell line only,
OVCAR-5, suggested a tumor-promoting character of GPER1 in OC. Yan et al. reported
that E2 and the selective GPER1 agonist G-1 increased cell motility and invasiveness, and
upregulated the production and proteolytic activity of MMP-9 in ERa-negative/ GPER1-
positive OVCAR-5 cells [113]. In OVCAR-5 cells, knockdown of GPER1 by means of
siRNA and application of the pertussin toxin (PTX), a G-protein inhibitor, led to decreased
migration and invasion, as well as reduced MMP-9 expression [113]. Moreover, the same
group observed an increased cell number in the S-phase by 173-estradiol and G-1, resulting
in elevated proliferation [125]. Regarding the underlying molecular mechanisms, the
authors found that both substances increased the expression of c-fos and cyclin D1. These
results are contrary to those published by Albanito et al., who also only employed one
cell line. In their study, only E2 or G-1 increased c-fos and extracellular signal-regulated
kinase (ERK) expression in ERo-positive BG-1 OC cells when both ERx and GPER1 were
available [126]. Moreover, they observed that this induction of c-fos and ERK by either
ligand was decreased by the inhibition of the EGFR transduction pathway. This was why
they suggested that in these cells, GPER1 signaling relays on ERx expression [126]. Others
described that the E2-based activation of GPER1 leads to the transactivation of EGFR and
downstream activation of the MAPK and PI3K signaling cascades [127,128]. In OVCAR-5
OC cells, GPER1 knockdown using either siRNA or the G protein inhibitor PTX inhibited
basal cell proliferation and attenuated 173-estradiol- or G-1-induced cell proliferation by a
decrease in the S-phase [125]. These findings are supported by other studies showing that
GPER1 knockdown by siRNA reduced the cell number to 60% of the siRNA-control-treated
cells (p < 0.05), while the GPER1 antagonist G-15 inhibited proliferation in two high-grade
OC cell lines (KF and UWB1.289) in a dose-dependent manner [122]. Apoptosis of OVCAR-
5 cells increased significantly after knockdown of GPER1 with specific siRNA [125]. These
findings speak for an oncogenic role of GPER1 in OC cells lacking ERo (Table 3).

Taken together, the results of these in vitro studies using different cell lines differed
strongly, which might result from their ERo status, the presence of E2 in the culture medium,
and the fact that the studies using E2 did not address ER(3 expression at all. Furthermore,
the value of studies using a single cell line only are commonly considered to be limited.
However, the conflictive data from these in vitro studies clearly show that further attempts
on the cell line level are necessary, preferably employing two or more OC cell lines, to
further elucidate the function of GPER1 in OC cell lines. Comparison of the effects of
GPER1 and G-1 on the transcriptomes of multiple cell lines will be helpful to discriminate
the effects shared between the different OC lines, which may then be able to come closer to
the effects seen in OC tissues, from those which are cell-line specific.

Table 3. In vitro studies on GPER1 action in OC cell lines (1 increase; | decrease; KD, knockdown).

Suggested Function of

Cell Lines Experimental Strategy and Results GPER1 in OC Reference
GPER1-KD
proliferation 1 by induction of a mitosis-activating
transcriptome
OVCAR-3 and apoptosis | by inhibition of the apoptotic transcriptome HImOr-SUbpressive [115]
umor- iv
OAW-42 Treatment with GPER1 agonist G-1 PP
proliferation |, by induction of a transcriptome
response associated with growth inhibition
transcriptome response opposite to GPER1-KD
T ith GPER1 ist G-1
SKOV-3 and reatment with G agonist G .
OVCAR-3 proliferation | by blockade in G2/M phase tumor-suppressive [114]

apoptosis 1
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Cell Lines Experimental Strategy and Results GPER1 in OC Reference
Treatment with GPER1 agonist G-1
IGROV-1 and *  apoptosis | ,
SKOV-3 e  anti-apoptotic protein BCL-2 | tumor-suppressive [124]
e cleaved PARP 1
e  fodrin
KF GPER1-KD or treatment with antagonist G15 . [122]
oncogenic
and UWBL.289 o  proliferation | 8
Treatment with GPER1 agonist G-1
OVCAR5 o cell motility 1 oncogenic [113]
e invasiveness T
e  production and proteolytic activity of MMP-9 1
Treatment with GPER1 agonist G-1
OVCAR5 e  proliferation 1 oncogenic [125]
e  protein levels of c-fos 1 and cyclin D1 1
Treatment with GPER1 agonist G-1
e  proliferation 1
BG-1 e cyclinD11 oncogenic [126]
e cycinE?
e cyclinAt

3.1.4. Omega-3 Polyunsaturated Fatty Acids and Shikonin Act via GPER1 in
Ovarian Cancer

Several substances that are known to exert tumor-suppressive or -promoting effects
in OCs act via GPER1. One study, supporting tumor-suppressive effects of GPER1 in OC
was published by Zhao et al. [129]. They investigated the role of omega-3 polyunsaturated
fatty acids in OC as tumor-suppressive properties were attributed to them [129]. They
observed that eicosapentaenoic acid (EPA) induced the apoptosis of ES2 ovarian clear cell
carcinoma cells via GPER1 [129]. As a ligand of GPER1, EPA activated the GPER1-cAMP-
protein-kinase A signaling pathway. After knockdown of GPER1 using specific siRNA or
its inhibitor G15, the antiproliferative action of EPA was then impaired [129]. Moreover,
EPA was able to inhibit AKT and ERK, which led to a decrease in proliferation [129]. In the
mouse xenograft model, these mechanisms resulted in a lower tumor volume and weight
following the utilization of EPA [129].

Another substance with tumor-suppressive activity is shikonin (SK). SK is one of the
major phytochemical components of Lithospermum erythrorhizon (Purple Cromwell), which
is a type of medicinal herb broadly utilized in traditional Chinese medicine. It is presumed
that SK possesses therapeutic actions on various diseases [130]. Liu et al. intended to clarify
the underlying mechanisms of SK-promoting apoptosis in OC using gene ontology (GO)
and Kyoto encyclopedia of genes and genomes (KEGG) pathway enrichment analyzes [131].
They observed increased apoptotic rates in SKOV-3 and A2780 OC cells after treatment with
SK. GO and KEGG analyzes showed that the estrogen signaling pathway was involved in
the actions induced by SK [131]. Moreover, treatment of both cell lines with SK decreased
GPER1 as well as EGFR, p-EGFR, PI3K, and p-AKT expression dose-dependently [131]. Use
of G-1 increased the pro-apoptotic activity of SK through decreasing EGFR, p-EGFR, PI3K,
and p-AKT expression, whereas these findings were then reversed by use of the specific
inhibitor G-15 [131]. The results could also be reproduced in SKOV-3 xenograft models,
which showed a G-1 synergistic decrease in tumor growth rates after application of SK that
was inhibited by G-15 [131]. Overall, these data suggest GPER1 to be the main target of
SK for the induction of apoptosis in OC using the GPER1/EGFR/PI3K/AKT signaling
pathway [131].
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In summary, GPER1 can exert tumor-promoting as well as tumor-suppressive effects
in OC (Table 3). These contrary roles seem to depend on the specific concert of activated and
inactivated signaling pathways in tumor cells [132]. Several different signal transduction
pathways have been reported to be regulated by GPER1 [132]. Among others, GPER1
activates calcium-signaling, MAP-kinases, PI3-kinase, adenylyl cyclase, Hippo signaling,
as well as HOTAIR (HOX transcript antisense intergenic RNA), and inhibits NF«B [132].
Moreover, epigenetic regulation could play a significant role in GPER1 action [133]. Overall,
GPER1 is a key player in several signaling pathways that engage in carcinogenesis. There-
fore, in the future, the characteristics of these employed cell lines should be considered
more closely when investigating the role of GPER1 in OC.

3.2. GPER1 in Endometrial Cancer
3.2.1. GPER1 Protein and mRNA Expression in Endometrial Cancer

As in OC, GPER1 was reported to exert tumor-suppressive as well as oncogenic
effects in EC. Our group observed lower GPER1 expression in ECs compared to normal
endometrial tissue [134]. We analyzed GPER1 expression and those of nuclear steroid
hormone receptors at the mRNA level in 88 EC and normal endometrial tissues [134]. In
EC, transcript levels of GPER1 were about 6-fold lower compared to normal endometrial
tissue [134]. In line with these data, loss of GPER1 in EC correlated with a higher FIGO stage,
higher histological grade, non-endometrioid histology, aneuploidy, lower ER« expression,
and disease progression in a study by Krakstad et al. [135].

Several parameters influence GPER1 expression, which might lead to inconsistent
results. GPER1 mRNA expression varies within the female cycle. In the proliferative
phase, higher mRNA GPERI levels were detected compared to the secretory phase [119].
Moreover, stromal cells had lower GPER1 mRNA expression compared to epithelial cells
of the endometrium [119]. Furthermore, E2, 4-Hydroxytamoxifen (OHT), insulin-like
growth factor-1 (IGF-1), and insulin are pervasive substances that increase expression of
GPER1 [33,136-139].

Contrary to the results obtained analyzing the mRNA expression of GPER1, IHC
investigations suggest a tumor-promoting role of GPER1 in EC. Advanced stage, high
grade, or deep myometrial invasion are unfavorable clinicopathological features that were
found to have correlated with an elevated expression of GPER1 in EC biopsies that were
analyzed via IHC by Smith et al. Moreover, high GPER1 expression was associated with
shorter overall survival [33,121]. According to the available data, GPER1 was similarly
expressed in type I and Il ECs, with no significant differences observed between menopausal
status in the luminal and basal surface of the EC epithelium when analyzed by IHC [33,140].
IHC of EC tissues showed that GPER1 expression was greatly increased in endometrial
tissues from patients suffering from insulin resistance [137]. Furthermore, GPER1 was
expressed at higher levels in patients receiving tamoxifen treatments [33,136].

3.2.2. In Vitro and In Vivo Studies on GPER1 Action in Endometrial Cancer

Controversies can also be observed regarding in vitro results. In a work published
by our group, we observed a clear tumor-suppressive action of G-1 in an EC cell line with
varying GPER1 expression levels [134]. In GPER1-positive RL-95-2 and HEC-1A EC cell
lines, application of G-1 decreased cell growth dose-dependently, whereas no effects were
found in GPER1-negative HEC-1B EC cells [134].

In other studies, treatment of EC cells with E2 or G-1 exerted oncogenic effects. Du et al.
reported for instance, that in Ishikawa and KLE EC cell lines, mRNA and protein expression
levels of GPER1 was up-regulated by G-1 and E2 [138]. Down-regulation of GPERI, or
the interruption of the MAPK signal pathway, partly or even completely prevented the
increase in proliferation induced by G-1 and E2 [138].

As we already pointed out, insulin resistance is a frequent finding in EC patients
as both diseases are associated with obesity. Lv et al. showed that insulin enhanced
estradiol-driven EC cell proliferation by up-regulating GPER1 expression, but not ERc or
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ERp. Mechanistically, the authors suggested that insulin upregulated the expression of
the DNA hydroxymethylase ten-eleven-translocation 1 (TET1), which increased GPER1
expression via epigenetic modulation [137]. As insulin and insulin-like growth factor-1
(IGF-1) are known to function quite similarly, De Marco et al. observed that in presence of
ERe, IGF-1 transactivated the GPER1 promoter sequence and upregulated GPER1 mRNA
and protein levels in Ishikawa cells involving the IGF-IR/PKC6/ERK/c-fos/AP1 signaling
pathway [139].

Regarding the in vivo data, activation of GPER1 promoted solid tumor formation from
RL95-2 cells in a xenograft model of athymic mice [33,141]. Another study set-up observed
an inhibition of tumor growth after blockage of GPER1 in an athymic mouse model with a
HEC-1A cell line xenograft [33,142].

Although there are several controversies concerning the role of GPER1 in EC develop-
ment, most findings indicate an oncogenic role in ECs (Table 4). A considerable limitation
is that in a vast number of studies E2 was used to investigate proliferative effects on EC
cells. Thus, a distinction between GPER1-specific effects and reactions that were mediated
by other nuclear ERs is not possible. Future studies must address this issue to rule out
potential bias. Moreover, in vivo data showing the effects of the inhibition of GPER1 with
specific antagonists will be necessary before this promising target will be available as
therapy for humans.

Table 4. In vitro studies on GPER1 action in EC cell lines (1 increase; | decrease; KD, knockdown).

Suggested Function of

Cell Lines Experimental Strategy and Results GPER1 in EC Reference

Treatment with GPER1 agonist G-1

RL-95-2, HEC-1A, o cell growth | dose-dependently in GPER1 positive tumor-suppressive [134]

and HEC-1B RL-95-2 and HEC-1A cells

e o effect on cell growth in GPER1 negative HEC-1B cells
Treatment with GPER1 agonist G-1
e  proliferation 1

Ishikawa and KLE * invasionf oncogenic [138]

GPER1-KD or interruption of MAPK signaling pathway

proliferation |
invasion |

4. Estrogen Related Receptors (ERRs)
4.1. ERRs in Ovarian Cancer

4.1.1. ERRx Protein and mRNA Expression in Ovarian Cancer and Its
Prognostic Relevance

Knowledge on the role of ERRs in OCs is still sparse. Available studies often include
only a few number of OC samples. This is why even published evaluations of ERR
expression and its consequences for survival of OC patients is not reliable in all parts. High
expression of ERRo was associated with shorter overall survival in a small IHC-based
study analyzing 33 OC patients [143]. Another study found ERRax mRNA expression
to correlate positively with OC stage [144]. Both data give rise to the impression that
ERRo may function as a tumor-promoting factor. Recently, our group established a tissue
microarray from 208 OC patients and performed IHC analyzes of OC markers, steroid
hormone receptors, and cancer-associated genes [145]. ERRx was detected at different
levels in more than 90% of all OC tissues [145]. In our cohort of 208 OC patients, expression
of ERR« neither affected overall survival nor progression-free survival [145]. Another
group used the cancer public database CPTAC, and showed that in advanced high-grade
OC tissues, ERR« expression was higher compared to early low-grade OCs [146]. Moreover,
OC cells with a high ERRx expression had greater invasion potential in vitro [146]. Overall,
these data suggest a tumor-promoting effect of ERRex in OC.
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The master regulator of mitochondrial biogenesis peroxisome proliferator-activated re-
ceptor gamma coactivator 1-alpha (PGC-1x) has a major impact on metabolic homeostasis,
which in turn is thought to be highly relevant in carcinogenesis [147]. PGC-1x exerts onco-
genic effects in some cancer types, as it promotes progression and metastases [147-149].
In 42 OC and 31 benign ovarian samples, expression levels of PGC-1x and ERRo were
significantly higher in OCs compared to benign specimens (p = 0.0059 and p = 0.002, respec-
tively) [150]. In OC samples, high expression levels of both ERRx and PGC-1« correlated
with both differentiation and lymph node metastasis, as well as CA125 and HE4 levels [150].
Furthermore, women with tumors that were highly expressing both PGC-1a and ERRo
tended to have shorter cancer-specific survival (p = 0.1276) [150]. However, overall, the
number of included cases is too low to draw final conclusions. Also in the study pub-
lished by Huang et al., the association between ERRx and PGC-1o was investigated [151].
Copy number variations (CNVs) are related to the genetic and phenotypic diversity of
cancers [151]. In their recent publication, Huang et al. used data from the cancer genome
atlas (TCGA) to explore the associations between ERRx CNVs and histological grade in
patients with OC [151]. Data from 620 OC patients were included. They observed a signifi-
cant association of ERRa CNVs with histological grade (OR 0.6235; 95% ClI, 0.3593-0.8877;
p < 0.05), and PGC-1ax CNVs (OR —0.6298; 95% CI —0.9011 to —0.3585; p < 0.05) [151]. In
multivariate analyses, these associations were found to remain significant [151].

4.1.2. In Vitro Studies on ERRx Action in Ovarian Cancer

In vitro studies supported the tumor-promoting role of ERRx in OC. Up-regulation
of ERR« using stable vector transfection was recently shown to increase the invasion
and motility of the OC cell line HO8010 and its metastatic equivalent HO8910PM, while
the use of the ERR« specific antagonist XCT790 weakened these effects [146]. More-
over, ERRa influences EMT in OC. Lam et al. found that the knockdown of ERRx by
means of siRNA decreased expression of the EMT-inducer Snail with involvement from
the miR-200 family [152]. Finally, inhibition of ERR«x with the orthotopical injection of
luciferase-labeled ERRx siRNA-expressing SKOV-3 cells decreased tumor mass, ascites,
and peritoneal carcinomatosis in vivo [152]. These data suggest that ERRo expression
increases the aggressiveness of OCs, making its inhibition a potential therapeutic approach
in OC [152].

4.1.3. Role of ERRf3 in Ovarian Cancer

The state of the data on ERRp expression in OC appears to be even more deficient.
A study at the mRNA level stated that ERRp levels in the OC tissue were too low for
retrieving reliable information [144]. In our IHC analysis, we were able to detect ERRf3 in
82.2% of the included OC cases [145]. Higher expression of ERRf in serous OCs was found
to lead to a significantly decreased overall survival (p < 0.05) [145]. These very preliminary
findings might suggest a tumor-promoting role of ERRf in OC. This would be in line
with a study reporting that in breast cancer, ERR} was upregulated by estrogens in an
ER«&-dependent manner, and was found to be inversely correlated with overall survival
of breast cancer patients [153]. In contrast, in prostate cancer cells, ERR[3 was reported to
suppress growth via p21(WAF1) induction, making it a potential therapeutic target in this
cancer entity [154].

4.1.4. Role of ERRY in Ovarian Cancer

With regard to ERRy, the progression-free survival of women with high ERRy ex-
pressing OCs was reported to be longer in the small study presented above [143]. In our
study analyzing 208 OC specimens, we detected ERRy expression in more than 90% of
all included OC cases [145]. We found that this ERR type exhibited the strongest impact
on survival [145]. Women with serous OCs expressing low levels of ERRy survived sig-
nificantly longer than patients with high ERRy-expressing tumors (p < 0.05) [145]. In a
multivariable model, ERRy was found to be an independent prognostic factor for overall
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survival of women with serous OC [145]. These data imply that this receptor affects OC
development in a tumor-promoting manner. Future studies urgently need to elucidate the
role of ERRy not only in ovarian cancer, but also in other cancers, as it seems to play a more
significant role in carcinogenesis than previously estimated.

Taken together, data on the role of ERRa in OC remain sparse. However, they suggest
a promoting effect on carcinogenesis of this tumor entity. Regarding the role of ERRf3, and
particularly ERRy in OC, a tumor-promoting effect does seem possible. However, further
studies investigating the role of all ERRs with higher numbers of included cases, especially
with regard to distinct subtypes, are necessary, as this malignancy is characterized by a
strong heterogeneity.

4.2. ERRs in Endometrial Cancer
4.2.1. ERRo Protein and mRNA Expression in Endometrial Cancer

Available data on the role of ERRs in EC is similarly scarce, as just described for OCs.
In 2006, Watanabe et al. detected ERRax expression in human EC tissues by IHC and via
RT-PCR in four EC cell lines (Ishikawa, Hecla, KLE, and SNGII) and 11 human endometrial
tissues [155]. In another study, Sun et al. showed that relative ERRec mRNA and protein
levels were significantly higher in ERx-positive RL-952 and AN3-CA cells compared to
ERo-negative HEC-1A and HEC-1B cells (p < 0.05) [156]. In a IHC-based analysis by
Matisushima et al. including 50 EC samples, ERRx was found to be expressed in all the
investigated specimens, and high expression levels were found to correlate with advanced
stage and the serous subtype (p < 0.01) [157]. Similar data was obtained by another study,
showing elevated ERRx mRNA levels and histoscores to be increased with the clinical stage
and myometrial invasion, regardless of tumor grading [158]. Huang et al. investigated the
role of ERRa and peroxisome proliferator-activated receptor-y (PPARy)—a key regulator
in energy metabolism—in EC [159]. They identified a PPARy/ERR« ratio of 1.86 or less
to be an independent risk factor of EC (OR 14.85; 95% CI 1.6-137.75, p = 0.018) [159]. No
difference in the overall or disease free survival was observed when comparing ERRo-
positive and ERRa-negative patients [159]. When using PPARy/ERRx as a predictor of
prognosis, they found that overall and disease free survival were the lowest for PPARy-
negative and ERRo-positive patients (overall survival: 100.00% vs. 85.19%, p < 0.001;
disease free survival: 100.00% vs. 77.78%, p < 0.001) [159]. In the subgroups being compared,
EC patients with absent expression of PPARy but with expression of ERR«, had the worst
overall survival and disease-free survival rates (both p < 0.001) [159]. Taken together, these
data support a tumor-promoting role of ERR« in EC.

4.2.2. In Vitro Studies on ERRx Action in Endometrial Cancer

The tumor-promoting role of ERR« in EC is supported by in vitro studies (Figure 1).
In vitro data showed that ERRa knockdown by means of specific siRNA decreased prolif-
eration and angiogenesis, and increased caspase3-induced apoptosis by induction of cell
cycle arrest in the mitotic phase [157]. In bioinformatic analyses, PPARy and ERR«x were
found to opposingly regulate the same genes involved in proliferation and apoptosis via
the Bcl-2/Caspase3 pathway [159].

Peroxisome proliferator-activated receptor (PPAR) coactivator-1a (PGC-1c) acts as a
coactivator of ERRe, and is among others involved in the regulation of cellular oxidative
phosphorylation and liposome metabolism [160-162]. Overexpression of ERR« led to
enhanced PGC-1«x expression resulting in the increased activity of transcription factor EB
TFEB, which is promoted in EC cells. This finding was supported by a recent publication
by Mao et al. [160,163].
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Figure 1. ERRa-induced tumor-promoting actions in EC cells (1 increase; | decrease).

Yoriki et al. examined the impact of ERRax and PGC-1a on EMT in [164]. They
transfected Ishikawa and HEC-1A EC cells with either ERRa/PGC-1a expression plasmids,
or silenced them for ERRa expression and cultured them with telomerase-transformed
human endometrial stromal cells (T-HESCs) [164]. Cells with a high expression of ERRo
and PGC-1a showed increased levels of the EMT-associated proteins vimentin, Snail,
and the zinc finger E-box binding homeobox 1 (ZEB1), while in T-HESCs, the expression
of the transforming growth factor-beta (TGF-f3) was increased [164]. These effects were
subsequently reversed by ERRa knockdown [164]. Furthermore, TGF-3-induced migration
and invasion were abrogated by ERRoc knockdown. Together, these data indicate that in EC
TGEF-B-induced EMT could be inhibited by targeting ERRo via interactions between stroma
and cancer [164]. The role of TGF-f3 in ERRa-mediated actions in EC was also investigated
by Huang et al. [165]. In their study, expression levels of ERR«, but not ERRf or ERRYy,
were significantly increased in EC cells and tissues compared to healthy controls. They used
thirty-two tumor samples that were paired with adjacent normal endometrial tissues and
six EC cell lines [165]. Targeted inhibition of ERRa by siRNA or its inverse agonist XCT-790
suppressed the migration and invasion of the EC cells, and led to a decreased expression
of TGF-f3 [165]. The latter was explained by ERR« directly binding to the promoter of the
TGFB1 gene [165]. Previous studies indicated that TGF-f3 can positively regulate its own
expression in normal and transformed cells. Huang et al. showed that exogenous TGF-f3
increased not only the mRNA and protein levels of TGF-f3, but also of ERRex in both HEC1A
and ECC cells [165]. These effects were abolished by the knockdown of ERR« using specific
siRNA [165]. They observed that targeted inhibition of ERRot/ TGF-f3 was able to suppress
the invasion of EC cells in vitro synergistically [165]. Thus, the authors suggested that
ERR«x could trigger cell migration and invasion via an increase in the positive feedback
regulation of TGF-f3 [165].

The inverse ERRa agonist XCT790 was shown to suppress colony formation and
cell proliferation in a dose- and time-dependent manner (p < 0.01), and to induce apop-
tosis as well as cell cycle arrest in the mitotic phase [166]. XCT790 triggered growth
inhibition and apoptosis in EC cell lines independently of ERx [156]. In vivo studies re-
ported a significant decrease in tumor growth and angiogenesis using XCT790 in xenograft
models (p < 0.01) [166]. The same effect was observed in ERRa knockdown xenografts
(p <0.01) [157].
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Contrary information was provided by the following studies [155,167]: Sun et al.,
stably overexpressed ERR« in ER-responsive Ishikawa EC cells, and ER-nonresponsive
HEC-1A cells [167]. They found that overexpression of ERRo inhibited cell proliferation in
ERoa-responsive Ishikawa cells, and stimulated cell proliferation in the ERax-nonresponsive
HEC-1A cells. In this study, overexpression of ERRo repressed the mRNA level of ER«,
but not ERf, indicating a cross-talk between ERRx and ER«x [167]. In line with this, in
the report published by Watanabe et al., overexpression of ERR« resulted in a decreased
proliferation of the ERx-responsive Ishikawa EC cells [155]. The authors suggested that
endogenous ERR« suppresses the ERx-dependent estrogen-induced and ERE-dependent
transcriptional activities in EC and ERR« to operate as either an activator or repressor of
ERE-dependent transcription based upon other properties of the cell [155].

4.2.3. ERRy Expression in Endometrial Cancer

In comparison to ERR«, data on the role of ERRy in EC is limited. Tong et al. recently
tried to address this topic using data from three different databases: the Cancer Genome
Atlas (TCGA), the Clinical Proteomic Tumor Analysis Consortium (CPTAC) databases,
and the International Cancer Genome Consortium (ICGC) databases [168]. They included
tissue samples of 525 EC patients and 35 normal endometrium specimens [168]. ERRy
protein expression was notably higher in EC tissues compared to normal endometrium
(p < 0.001), which was consistent with the result obtained by the analysis of the TCGA data,
suggesting a tumor-promoting role of ERRy in EC [168]. When investigating data from
the ICGC database, the overall and disease-free survival were not dependent on ERRy
mutations (p > 0.05) [168]. Moreover, survival of 79 women with EC did not differ when
comparing tumors with different ERRy protein expression levels [168].

4.2.4. In Vitro Studies on ERRy Action in Endometrial Cancer

In line with this, stable overexpression of ERRyupregulated cell growth of Ishikawa
and HEC1A EC cell lines in vitro. In contrast, cell growth in ERx-positive EC cells de-
creased after treatment with DY131, a selective ERRy agonist, whereas the effect was
reversed in ERo-negative cells, suggesting that the impact of ERRy on carcinogenesis
of EC is ERx-dependent [169]. However, further studies are necessary to elucidate the
underlying mechanisms.

As already mentioned above, abnormal glucose metabolism is a frequent feature
observed in patients with EC [168,170]. Several studies suggest hyperglycemia to be asso-
ciated with a shorter survival of EC patients [168,171,172]. ERRy was shown to regulate
numerous key enzymes in cell glucose, lipid, and amino acid metabolism, and has been
linked to abnormal gluconeogenesis and insulin resistance, among others [168,173,174].
Moreover, ERRy was highly expressed in diabetic patients with poor blood glucose
control [168,175]. Tong et al. found the overexpression of ERRy to be significantly as-
sociated with the deep myometrial invasion of EC (p = 0.004). Moreover, patients with
ECs that were deeply infiltrating the myometrium had higher fasting blood glucose levels
compared to those with superficial myometrial invasion (p = 0.040), and serum ERRy levels
positively correlated with fasting glucose levels [168].

In summary, the data available to date suggest a tumor-promoting role of ERRx and
ERRy in EC. In contrast, the function of ERRf in this tumor entity remains obscure, as
no conclusive studies were available. However, in vivo studies are necessary before an
implication in the clinical setting seems feasible.

5. Conclusions

In conclusion, current data strongly suggest ERf to function as a tumor suppressor
in OC. In this cancer entity, the expression of ER} was shown to be significantly lower
compared to normal ovarian tissue. Moreover, the overall, and progression-free survival
of OC patients was significantly longer when their tumors expressed elevated levels of
ERp compared to those with a lower ER} expression. In vitro overexpression of ER3 leads
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to reduced proliferation, motility, and migration, as well as increased rates of OC cell
apoptosis. This action could be evoked by the use of specific ER} agonists. Some of them
were shown to limit CSC, as well as reduce the risk of metastasis and relapse using this
quality. Regulatory processes considering the subcellular location of ERf3 must be taken
into account in future studies. Regarding the role of different ER(3 splice variants, present
studies suggest that ER(32 and ER35 might function as tumor promotors in OC. However,
further attempts are needed to confirm these data, and to elucidate the role of other splice
variants in OC. To better understand the distinct roles of ER{ in different OC subtypes,
further studies including larger patients’ cohorts are required.

In EC, the role of ERp remains inconclusive. Whereas in vitro studies demonstrated
a growth-inhibitory function of this receptor in EC cell lines, several studies analyzing
the expression of ER in EC tissues came to conflicting results. Several mRNA-based and
IHC studies suggested a tumor-suppressive role of this receptor in EC, but others came
to contradictory results. Various IHC studies on ERf3 expression are now known to have
used non-specific antibodies, which is one explanation for the inconsistent results observed
from these studies. Furthermore, the in-part contradictory data on the role of ERp in EC
tissue might be due to the distinct functions of ERf depending on the ERot/ERJ ratio. It
was speculated that in healthy, or only minimally dedifferentiated endometrial tissue, with
the expression of the full complement of hormone receptors, ER might act as a tumor-
suppressor [107]. In completely dedifferentiated, high-grade EC, with the loss of other
hormone receptor subtypes, ER3 might exert a tumor-promoting function [107]. However,
considering all studies available, further efforts are needed to examine to what extent the
consistent results from in vitro studies can be verified on the tissue level by correlation of
ERp expression and of the ERot/ERf ratio in EC tissue with patients’ survival.

To date, studies examining the role of GPER1 in OC came to conflicting results,
suggesting either tumor-suppressive or -promoting functions. Given that GPER1 function
is affected by various pathways, its function in OC might depend on the activation status
of these pathways in OC cells. Furthermore, the expression of ERx and ER3 was known
to modulate GPER1 effects. Therefore, in the future, these interactions and the molecular
characteristics of the employed cell lines and tissue samples, including the expression
of nuclear ERs should be taken into account more closely when investigating the role of
GPERI1 in OC. Further studies correlating GPER1 protein expression with patient survival,
as well as in vivo studies, are needed to elucidate the role of this receptor in OC.

With regard to EC, both in vitro and tissue studies on the role of GPER1 came to
conflictive results. More studies, including such correlating GPER1 protein expression in
EC tissue with patient survival, and in vivo approaches examining the effects of GPER1
modulation with specific antagonists in animal models will be necessary to elucidate the
role of GPER1 in this cancer entity.

The current data on the role of ERRa in OC suggests a tumor-promoting role in
this tumor entity. Despite some controversies, published data suggests higher expression
levels of ERR« in late-stage and high-grade OCs compared to early-stage and low-grade
tissues [146]. In vitro, ERR«x not only induces motility and invasion of OC cells, but also
increases EMT. Regarding the function of ERRf3 and ERRy in OC, the limited data available
might also suggest a tumor-promoting action. However, further data investigating the
role of all ERRs with higher numbers of included cases especially with regard to distinct
subtypes are necessary, as this malignancy is characterized by a strong heterogeneity. In
EC, the available data suggests a tumor-promoting role of ERRx and ERRy. Among others,
ERR« is regulated by TGF-§3, leading to an induction of EMT. Moreover, ERRax expression
is associated with an increase in proliferation and angiogenesis, as well as a decrease in
apoptosis. The impact of ERRf in this tumor entity remains obscure, as no conclusive
studies are available. However, larger studies correlating ERR expression in EC tissue with
patient survival and in vivo studies on animal models are necessary to further elucidate the
role of ERRs in this cancer entity. Overall, the new molecular classification of EC provides
further insights into the different courses of this disease. The extent to which ERf3, GPER1,
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and ERRs are associated with this classification, and their relevance for the efficacy of new
therapeutic options in EC such as checkpoint inhibitors and tyrosine kinase inhibitors, must
be evaluated in future research.
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