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Abstract: Estrogens have important roles in endometrial cancer (EC) and exert biological effects
through the classical estrogen receptors (ERs) ERα and ERβ, and the G-protein–coupled ER, GPER.
So far, the co-expression of these three types of ERs has not been studied in EC. We investigated ERα,
ERβ, GPER mRNA and protein levels, and their intracellular protein distributions in EC tissue and in
adjacent control endometrial tissue. Compared to control endometrial tissue, immunoreactivity for
ERα in EC tissue was weaker for nuclei with minor, but unchanged, cytoplasmic staining; mRNA and
protein levels showed decreased patterns for ERα in EC tissue. For ERβ, across both tissue types, the
immunoreactivity was unchanged for nuclei and cytoplasm, although EC tissues again showed lower
mRNA and protein levels compared to adjacent control endometrial tissue. The immunoreactivity
of GPER as well as mRNA levels of GPER were unchanged across cancer and control endometrial
tissues, while protein levels were lower in EC tissue. Statistically significant correlations of estrogen
receptor α (ESR1) versus estrogen receptor β (ESR2) and GPER variant 3,4 versus ESR1 and ESR2
was seen at the mRNA level. At the protein level studied with Western blotting, there was significant
correlation of ERα versus GPER, and ERβ versus GPER. While in clinical practice the expression
of ERα is routinely tested in EC tissue, ERβ and GPER need to be further studied to examine their
potential as prognostic markers, provided that specific and validated antibodies are available.
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1. Introduction

Endometrial cancer (EC) is the fourth-most-common cancer in women in Western
Europe and the USA, with the majority of cases arising in postmenopausal women [1,2].
EC can be classified into estrogen-dependent type 1 (80% of all cases) and the poorly
differentiated, more aggressive type 2, which is traditionally considered as estrogen-
independent [3,4]; however, several studies suggest that estrogens also have roles in EC
type 2 [5–7]. This exposure to estrogens that is not opposed by progesterone or synthetic
progestins increases the mitotic activity of endometrial cells, along with the number of
DNA replication errors. This can lead to somatic mutations that result in a malignant
phenotype [3,8].

More recently, the Cancer Genome Atlas (TCGA) project has discovered four molecu-
lar prognostic subtypes: ultramutated—defined by POLE mutations; microsatellite insta-
ble (MSI) hypermutated; copy-number-low/p53-wild-type (p53 wt); and copy-number-
high/p53-mutated (p53mt). Tumors from each of the first three molecular subtypes have
high expression levels of ESR1 encoding ERα, while the copy-number-high/p53-mutated
(p53mt) group shows no/low expression and is prognostically worse [9].
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Estrogens exert their biological effects through the estrogen receptors (ERs) [10,11].
Both genomic and rapid (non-genomic) signaling events initiated by estrogens have tradi-
tionally been attributed solely to the classical ERs (i.e., ERα and ERβ) [12,13], as classical
ERs can be postranslationally palmitoylated and anchored to the plasma membrane [14–17].
More recently, the G-protein–coupled ER, GPER (also known as GPR30), has been impli-
cated in mediating the rapid responses of the estrogens [18–21].

In addition to the classical, slow genomic mechanisms of estrogen actions [12,22–24],
estrogen receptor complexes also act through indirect genomic signaling by interacting
with different proteins, other transcription factors, and response elements [12]. Due to
the numerous possible combinations between ERs and co-activators and co-repressors,
and the potential for these complexes to bind to different gene promoters, ERα and ERβ
can have opposing actions. ERβ can also inhibit ERα activity by increasing ERα degrada-
tion [25]. ERα is considered to be the main receptor of E2, responsible for normal human
development and reproduction [26,27], with important roles in development of different
cancers such as breast, ovarian, colon, and endometrial cancer [28–30]. The less-well-
described receptor ERβ has opposing actions on ERα function as studied in breast cancer,
prostate cancer, gynecological cancers, and endocrine cancers; it is speculated to be a tumor
suppressor [29,31–33]. However, several studies of ERβ in endometrial cancer showed con-
tradictory results [27], and due to problems with the specificity of commercially available
ERβ antibodies that scientific community have reported many times before [34–36], the
results of these studies should be considered with caution.

Membrane (m)ERs can have rapid non-genomic cellular responses that act via ac-
tivation of protein kinase cascades and second-messenger production [22,37]. There is
also growing evidence of genomic and non-genomic signaling crosstalk and ER ligand-
independent signaling [12]. ERs have been detected in the plasma membrane of isolated
endometrial cells [38] and in EC cell lines where estrogens act via the mitogen activated
protein kinase (MAPK) signaling pathway and calcium influx [39–41] and via PKCα [38].

In EC in general, there are higher levels of ERα than ERβ [42–48]. In endometrial
tissue, ERβ has important roles in normal homeostasis, cell turnover, and regeneration,
furthermore it has a role in most benign and malignant endometrial diseases [27]. A shift
in the ratio between ERα and ERβ has been suggested to be involved in endometrial
carcinogenesis [42–46]. ERα expression is higher in the early stages of EC and becomes
decreased in advanced EC [19,49–51]. The loss of expression of ERα in EC has been
associated with stage, tumor grade, and lymph node involvement; however, only few
studies have revealed an association with disease-free or overall survival [52–56]. High
ERβ was associated with shorter disease-free survival in patients with EC and regional
lymph node metastasis [57].

The activation of GPER leads to the activation of several signaling pathways involving
epidermal growth factor receptor (EGFR), the MAPK/ extracellular regulated protein kinase
(MAPK/ERK), the phosphatidylinositol 3-kinase/protein kinase B (PI3K/Akt), the protein
kinase A (PKA), and the phospholipase C (PLC) pathways [18,20,58]. GPER also mediates
an increase in the activity of endothelial nitric oxide (NO) synthase (eNOS), an increase in
the activity of sphingosine kinase, and regulates calcium mobilization, potassium channels,
and the gene expression of, e.g., c-fos and the cyclins A, D1, or E [59]. Rapid GPER-
mediated responses often lead to tumor promotion [21]. Recently, the ability of GPER
receptor to stimulate cancer progression by the regulation of miRNA expression has been
discovered [60,61]. However, the localization of GPER in cells has not been determined
unequivocally, with reports on GPER localization in the endoplasmic reticulum, Golgi
apparatus, nucleus, and at the cell membrane [58,62,63].

In EC tissues, both elevated [59,64] and decreased [65] GPER expression have been re-
ported, which have been correlated with disease progression [47,66–68], and in EC cell lines,
activation of GPER has been shown to stimulate cell proliferation and invasion [64,69]. The
loss of GPER expression predicts poor survival in patients with EC [66]. However, similarly
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to ERβ, many commercially available anti-GPER antibodies on the market are nonspecific;
therefore, caution is warranted when interpreting results of these studies [34–36].

ERα status is an important prognostic marker in hormone-dependent cancers, and
GPER has also been suggested to have the potential to predict disease progression in
patients with EC. Despite numerous studies of ERs, their precise role and their interplay in
EC is still not clear. The aim of the present study was thus to investigate the expression
of ERα, ERβ, and GPER in EC and adjacent endometrial tissue and to analyze potential
correlation between their expressions. We thus studied their tissue mRNA and protein
levels, their intracellular protein distributions, and evaluated their co-expression.

2. Results
2.1. Lower mRNA and Protein Levels and IHC Scores of ERα in EC Tissues

ERα gene (ESR1) expression was evaluated at the mRNA and protein levels in our
previous study [70], however, here we further investigated its expression on a larger group
of samples. We confirmed the lower level of ESR1 mRNA by qPCR in 44 paired samples
of cancer as compared to control endometrial tissue and lower protein levels of ERα by
Western blotting with antibodies SP1 in 18 paired samples. In both cases, the difference
was statistically significant (Figure 1A, p < 0.0001, Figure 1B, p = 0.0091). Statistical analysis
using two-way ANOVA showed that menopausal status and tumor grade do not affect
ESR1 expression at the mRNA or protein levels.
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Figure 1. ERα mRNA and protein levels in endometrial cancer and adjacent control endometrium.
(A) Before-and-after graph shows the normalized expression levels of the ESR1 gene in adjacent
endometrial tissue (Control) and the corresponding EC tissue (Tumor). The levels of gene expression
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are on a logarithmic scale. (B) ECL detection of ERα (63 kDa band). 18 paired samples were analyzed
using anti-ERα antibodies (SP1, Thermo Fisher Scientific, Cat. #: RM-9101-15, Lot:9101513081A),
GAPDH was used as a normalization control. Before-and-after plots show quantification of Western
blotting data. Below, representative membrane with ERα and GAPDH staining is shown. EC tissue
(T), adjacent control endometrial tissue (C). (C) IHC scores in 21 samples from adjacent control
endometrial tissue (Control) and EC tissue (Tumor). Table shows mean scores ± standard deviations,
while before-and-after graphs show nuclear and cytoplasmic ERα staining (anti-ERα antibodies, 1D5
Dako, Cat. #: M7047, lot 1: 00034057, lot 2: 20015818). (D) IHC staining in representative paired
adjacent control endometrial tissue (C38) and EC tissue (T38) for ERα. In the negative controls
(Control), the primary antibodies were replaced with serum of the same animal species (rabbit or
mouse). Both anti-ERα antibodies were validated (Supplementary Figure S4 and Table S5).

We next performed IHC analysis with antibodies 1D5 in 21 specimens that included
both EC tissue and the adjacent control endometrial tissue (Figure 1C,D). ERα was detected
predominantly in epithelial cells, and to a lesser extent also in stromal cells, and the staining
was stronger in the nuclei than in the cytoplasm. Lower IHC scores for nuclear staining of
cancerous glands were observed in 15 of 21 specimens, and the differences between the EC
tissue and the control adjacent endometrial tissue were statistically significant (p = 0.0009).
On the other hand, no differences were seen in the cytoplasmic staining for ERα between
the cancerous and the control endometrial glands.

Significant differences in ERα IHC scores between control tissue and cancer tissue
were also observed when using other antibodies against Erα: antibodies SP1 and 6F11
(Figure 2).
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Figure 2. Comparison of ERα IHC staining with monoclonal antibodies SP1, 6F11, and 1D5.
(A) SP1 (1:25, Thermo Fisher Scientific, Cat. #: RM-9101-15, Lot:9101513081A), number of cases
was 20; (B) 6F11 (1:25, Novocastra Laboratories Ltd., Cat. #: NCL-I-ER-6F11, Lot: 6031484), number
of cases was 20; and (C) 1D5 (1:20, Dako, Cat. #: M7047, lot 1: 00034057, lot 2: 20015818), number of
cases was 21.

2.2. Lower mRNA and Protein Levels and Unchanged IHC Scores of ERβ in EC Tissues

Next, we studied ERβ expression at the mRNA and protein levels. The expression of
the ESR2 gene in 44 paired samples of EC tissue and adjacent control endometrial tissue
confirmed the previously reported down regulation of ESR2 in EC tissue [71] (Figure 3A,
p < 0.0001).
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Figure 3. ERβ mRNA and protein levels in endometrial cancer and adjacent control endometrium. 
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Figure 3. ERβ mRNA and protein levels in endometrial cancer and adjacent control endometrium.
(A) Before-and-after graph shows the normalized expression levels of the ESR2 gene in control
endometrial tissue (Control) and the corresponding EC tissue (Tumor). The levels of gene expression
are on a logarithmic scale. (B) ECL detection of ERβ (59 kDa band). 18 paired samples were analyzed
using anti-ERβ antibodies (ab3576, Abcam, Cat. #: ab3576, Lot: GR208064-1) and GAPDH was
used as a normalization control. Before-and-after plots show quantification of Western blotting
data. Below, representative membrane with ERβ and GAPDH staining is shown. EC tissue (T),
adjacent control endometrial tissue (C), placenta (P) was used as a control tissue. (C) IHC scores in
21 samples from adjacent control endometrial tissue (Control) and EC tissue (Tumor). Tables show
mean scores ± standard deviations, while before-and-after graphs show nuclear and cytoplasmic
ERβ (anti-ERβ antibodies, 14C8, GeneTex, Cat. #: GTX70174, Lot: 20882 (1:100). (D) IHC staining in
representative paired adjacent control endometrial tissue (C38) and EC tissue (T38) for ERβ. In the
negative controls (Control), the primary antibodies were replaced with serum of the same animal
species (rabbit, mouse). Anti-ERβ antibodies were validated (Supplementary Figure S6 and Table S5).
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ERβ protein levels were also investigated using Western blotting (Abcam antibodies,
Cambridge, UK, Cat. #: ab3576). A band corresponding to a 59 kDa ERβ protein was
detected in all of the samples, and the level of ERβ was significantly lower in the EC
compared to adjacent control endometrial tissue (Figure 3B, p = 0.0157). Statistical analysis
using two-way ANOVA showed that tumor grade does not affect ESR2 mRNA or protein
levels, while menopausal status affects mRNA expression (p = 0.037) but not protein
levels. Stratification of mRNA data according to menopausal status showed an elevated
expression of ESR2 in control tissue of postmenopausal patients compared to control tissue
of premenopausal patients, which significantly accounts for the observed differences in the
expression of ESR2 between control and tumor tissues (Supplementary Figure S5).

Additional analysis of ESR2 isoforms revealed lower mRNA levels of isoforms a and
g in tumor compared to adjacent tissue (p = 0.049), while there was no difference in the
expression of other ESR2 isoforms (f, b, d, k, and l) (Figure 4 and Table 1).
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Figure 4. Expression of ESR2 isoforms in endometrial cancer and adjacent control endometrium.
(A) ESR2 isoforms a, g; (B) ESR2 isoforms b, d, h, k, and l; and (C) isoform f. Expression in 34 paired
EC samples is shown.

Table 1. Primers for amplification of ESR2 isoforms and reference genes.

Gene Forward Primer Reverse Primer
HPRT1 5′ CCTGGCGTCGTGATTAGTG3′ 5′TGAGGAATAAACACCCTTTCCA3′

POLR2A 5′CAAGTTCAACCAAGCCATTG3′ 5′GTGGCAGGTTCTCCAAGG3′

ESR2 isoforms a, g 5′GGCATGGAACATCTGCTCAAC3′ 5′CACACTGGAGTTCACGCTTC3′

ESR2 isoform f 5′TCCTGGTATCCAGTGCATCG3′ 5′TTTCATTGCCCACATGCAAGG3′

ESR2 isoform b, d, h, k, l 5′GGACTGGGATTGTGTGGTC3′ 5′TAGGCATCGGCATTTCCCCT3′

In IHC (antibodies 14C8, GeneTex, Irvine, CA, USA), ERβ was detected in the nuclei
and cytoplasm of the epithelial cells in the 21 tissue specimens that included both EC
tissue and adjacent control endometrial tissue (Figure 3C,D). The nuclear staining of ERβ
was noticeably less intense than the staining for ERα (Figure 1C,D and Figure 3C,D), with
comparable mean IHC scores for ERβ staining in the nuclei and cytoplasm seen for the EC
tissue and the control endometrial tissue (Figure 3C,D). No staining, or very weak staining
(IHC score < 50), of the cancerous and the control endometrial glands was observed in 38%
and 62% of these samples, respectively.

2.3. Unchanged mRNA Levels and Decreased Protein Levels of GPER in EC Tissue

We examined the GPER expression in 31 samples of the EC tissue and the adja-
cent control endometrial tissue (Figure 5A). We separately amplified GPER gene variant
2 (Hs00173506_m1) and variants 3 and 4 (Hs01116133_m1). The expression of GPER variant
2 was unchanged in the EC tissue versus the control adjacent endometrial tissue, while the
mean expression levels of variants 3 and 4 were decreased 2.4-fold, although this was not
statistically significant (Figure 5A). We found a statistically significant correlation between
the expression ratios (EC/adjacent control endometrium) of GPER variant 2 and variants 3
and 4 (rs = 0.7193; p < 0.0001).
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Figure 5. Expression of GPER in endometrial cancer tissue and adjacent control endometrium at the
mRNA and protein levels. (A) Before-and-after graphs show the normalized expression levels of
the GPER gene variants 2, and variants 3 and 4 (as indicated) in control endometrial tissue (Control)
and the corresponding EC tissue (Tumor). The levels of gene expression are on a logarithmic scale.
(B) ECL detection of GPER. 18 paired samples were analyzed using anti-GPER antibodies (HPA027052,
Sigma-Aldrich, Cat. #: HPA027052, Lot: A61748) in the control endometrial tissue (C) and EC
tissue (T). Placenta (P) was used as the positive control. Below, the detection of GAPDH used for
quantification. Before-and-after graph shows the GPER protein levels in the control and EC tissue.
(D) IHC staining in representative paired adjacent control endometrial tissue (C38) and EC tissue (T38)
for GPER. In the negative controls (Control), the primary antibodies were replaced with serum of
the same animal species (rabbit). Anti-GPER antibodies were validated by Western blotting analysis
(Supplementary Figure S7, Supplementary Table S5).
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Next, we examined GPER expression at the protein level (Sigma-Aldrich, Saint Louis,
MO, USA, antibodies, Cat. #: HPA 027052, lot: A61748) with Western blot. A 45 kDa protein
was detected in most of the 18 paired tissue samples (Figure 5B). Significantly lower levels
of GPER were seen in the EC tissue compared to the adjacent control endometrial tissue
(Figure 5C). The two-way ANOVA showed no influence of menopausal status and tumor
grade on GPER expression at the mRNA or protein levels.

In IHC (anti-GPER antibodies HPA027052, Cat. #: HPA027052, Lot: A61748 (Sigma-
Aldrich, Saint Louis, MO, USA), GPER was detected in the membrane and cytoplasm of
the epithelial cells in the 29 tissue specimens that included both EC tissue and adjacent
control endometrial tissue (Figure 5D). No staining, or very weak staining (IHC score < 50),
of the cancerous and the control adjacent endometrial glands was observed in 24% and 17%
of these samples, respectively.

2.4. ERα, ERβ, and GPER Are Co-Expressed in EC Tissue and Correlate in Their mRNA and
Protein Levels

To evaluate co-expression of ERα, ERβ, and GPER in EC tissue, we used samples
from our cohort and commercially available TMAs (Figures 6 and 7, Table 2). Our cohort
contained 12 paired samples and commercially available TMAs contained 9 paired cores
of EC tissue and adjacent control endometrial tissue, respectively. In both cases, the
IHC scores for ERα (antibodies 1D5, Dako, Denmark, Cat. #: M7047, lot 1: 00034057,
lot 2: 20015818) were significantly lower in the EC compared to the control endometrial
tissue (Figure 6: 1A and 2A). ERα was detected in 92% of EC and 100% of control tissue
from samples from our cohort and in 67% of EC tissues and 75% of control tissues in the
commercial TMAs. In both groups, the IHC reaction was predominantly in nuclei and
cytoplasm of the epithelial cells and to a lesser extent in stromal cells of EC tissue.
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Figure 6. IHC scoring of ERα, ERβ, and GPER staining of the 12 tissue samples from our cohort.
Before-and-after graphs show (A) ERα (anti-ERα antibodies, 1D5, Dako, Cat. #: M7047, lot 1: 00034057,
lot 2: 20015818), (B) ERβ (anti-ERβ antibodies, ab3576, Abcam, Cat. #: ab3576, Lot: GR208064-1), and
(C) GPER (anti-GPER antibodies, HPA027052, Sigma-Aldrich, Cat. #: HPA027052, Lot: A61748) IHC
from adjacent control endometrial tissue (Control) and EC tissue (Tumor).

Table 2. IHC score and difference between EC and control endometrial tissue.

(A) Our Cohort ERα ERβ GPER

Control 173 ± 56 58 ± 66 67 ± 39

Tumor 121 ± 52 51 ± 46 63 ± 35

p = 0.0002 p = 0.4465 p = 0.6777

(B) Commercial
tissue microarrays ERα ERβ GPER

Control 234 ± 96 39 ± 69 151 ± 54

Tumor 73 ± 82 52 ± 70 132 ± 51

p = 0.0078 p = 0.8438 p = 0.2930
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Figure 7. Co-expression of ERα, ERβ, and GPER in EC tissue cores of the tissue microarrays. Positions
of samples in tissue microarrays are marked by letters A–D and numbers 1–6. The whole TMAs and
control endometrial tissue (D2) and EC tissue (C2) cores are shown for ERα (anti-ERα antibodies,
1D5 Dako, Cat. #: M7047, lot 1: 00034057, lot 2: 20015818), ERβ (anti-ERβ antibodies, 14C8, GeneTex,
Cat. #: GTX70174, Lot: 20882), and GPER (anti-GPER antibodies, HPA027052, Sigma-Aldrich, Cat.
#:HPA027052, Lot: A61748) staining. The control staining was carried out without the primary
antibodies. Sections were also stained with hematoxylin and eosin (HE). Scale bar, 50 µm.
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In both cohorts, the IHC scores for ERβ (antibodies 14C8, GeneTex, Irvine, CA,
USA) were not statistically different in EC compared to adjacent control endometrium
(Figure 6: 1B and 2B). In samples from our cohort ERβ was detected in 100% of EC tis-
sue and 75% of control adjacent endometrium and in commercial TMAs it was detected
in 67% of EC tissues and 33% of control tissues. In both groups, the IHC reaction was
predominantly in nuclei and cytoplasm of the epithelial cells.

The IHC scores for GPER (antibodies HPA027052, Sigma-Aldrich, Saint Louis, MO,
USA), were not statistically different in EC compared to adjacent control endometrium
in any of the sample groups. In samples from our laboratory, GPER was detected in
100% of EC tissue and 92% of control adjacent endometrium, and in commercial TMAs,
it was detected in 100% of EC tissues and 89% of control tissues. In both sample groups,
IHC scores for GPER (antibodies HPA027052) were slightly lower in EC, but this was not
statistically significant (Figure 6: 1C and 2C). Strong GPER IHC staining was in cytoplasm
of epithelial cells and it was also prominent on the luminal side of the cells. In addition
to epithelium, the staining was also present in stromal cells, lymphocytes, and smooth
muscles (Figure 7).

To examine the co-expression of ERα, ERβ, and GPER in EC and control endometrial
tissue, we calculated Spearman’s rank correlation coefficients between expressions of
corresponding genes at the mRNA and protein levels and between IHC scores (Table 3).
At the mRNA level we found statistically significant correlations between the expression
of ESR1 versus ESR2, ESR1 versus GPER (gene variants 3 and 4), and ESR2 versus GPER
(variant 3 and 4). The expression of GPER (variants 3 and 4) also showed a high correlation
with GPER (variant 2), but we found no correlation between GPER (variant 2) and ESR1
or ESR2.

Table 3. Correlation between expression of ERα, ERβ, and GPER in EC at the mRNA and
protein levels.

mRNA
(qPCR)

Proteins
(Western Blotting)

IHC
(Our Cohort)

IHC
(Commercial TMAs)

ERα/ERβ rs = 0.5124, p < 0.0001 rs = 0.2782, p = 0.1003
c: rs = 0.4293, p = 0.0046

rs = 0.1670, p = 0.5079
n: rs = 0.1059, p = 0.5043

ERα/GPER
GPER 2, rs = 0.2374, p = 0.0781

rs = 0.6777, p < 0.0001 rs = 0.1333, p = 0.6860 rs = 0.4563, p = 0.0570
GPER 3,4, rs = 0.4688, p = 0.0003

ERβ/GPER
GPER 2, rs = 0.1297, p = 0.3406

rs = 0.5598, p = 0.0004 rs = 0.1666, p = 0.6101 rs = −0.04187, p = 0.8690
GPER 3,4, rs = 0.3375, p = 0.0110

GPER 2/3,4 rs = 0.7193, p < 0.0001 n/a n/a n/a

Spearman’s rank correlation coefficients between expressions of corresponding genes at the mRNA and protein
levels and corresponding p values.

At the protein level (Western blotting), we observed statistically significant correlation
between ERα and GPER and between ERβ and GPER, whereas there was no correlation
between ERα and ERβ. The IHC scores for ERα and ERβ in cytoplasm significantly
correlated in our cohort while there was no correlation for nuclear staining, and we did not
find correlation between ERα and GPER or ERβ and GPER. In commercial TMAs, we did
not find any statistically significant correlations in IHC staining for ERα, ERβ, and GPER,
probably due to a very limited number of samples.

2.5. IHC Levels of ERα and GPER in Endometrioid EC Are Not Associated with Survival

Patients from our cohort were assigned to the low or high ERα and GPER groups
according to the cutoff percentage of IHC-positive tumor cells. We collected survival
data and estimated overall survival and disease-free survival. Due to problems with
ERβ antibodies, the number of patients with IHC data and survival data was too low for
any reliable analyses. The Kaplan–Meier method used in a limited number of patients



Int. J. Mol. Sci. 2023, 24, 3009 11 of 23

(35 for ERα and 28 for GPER) did not reveal differences in disease-free survival of patients,
but there was a difference in overall survival for patients with ERα above the cutoff
value. This was a pilot study, thus, we decided to analyze archival IHC data from patients
diagnosed with EC in two consecutive years. In this additional cohort of 139 patients with
endometrioid EC, there was no significant difference in overall survival between patients,
with a higher percentage of ERα-positive cells versus patients with a lower percentage
of ERα-positive cells, but there was a trend of better survival in EC with high ERα levels
(above the cutoff value of 80% of positive tumor cells) (Supplementary Figures S8 and S9).

3. Discussion

The biological effects of the estrogens are mediated through nuclear ERα and ERβ,
and the membrane-bound GPER. Several studies have investigated the roles of these ERs
separately, although none have evaluated the expression of all three of these ERs in the
same EC tissue samples.

Our study confirms significantly lower ESR1 mRNA and protein levels in EC compared
to control endometrium by qPCR and Western blotting. The IHC analysis performed in
two different sample cohorts (samples from our laboratory and commercial TMA) revealed
significantly weaker nuclear staining for ERα in EC tissue compared to adjacent control
endometrial tissue.

When studying ERs, it is important to note that they have several transcripts and
splice variants, which are not necessarily detectable with every qPCR assay or antibody
(Table 4). Most ERα splice variants [72] are of the exon-skipping variety [13]. According to
NCBI [73], the ESR1 gene has twelve transcript variants encoding five isoforms. According
to the manufacturer, our ESR1 qPCR assay detected six of these transcript variants that
encode the isoforms 1, 2, and 4 (Supplementary Table S10).

Table 4. Detection of different transcripts and isoforms of ESR1, ESR2, and GPER by qPCR assays
and different antibodies.

Assay Isoforms Antibodies Isoforms

ERα/ESR1 Hs00174860_m1 1, 2 and 4
WB, IHC SP1 1, 2, 3

IHC 1D5 1, 2, 3 and 5
IHC 6F11 n/a

ERβ/ESR2 Hs01100353_m1 1, 2, 3, 5, 6
WB ab3576 1, 5, 6
IHC 14C8 1, 2, 3, 5, 6

IHC (neg.) PPG5/10 1

GPER/GPER
Hs00173506_m1 1

HPA027052 1
Hs01116133_m1 1 WB, IHC

For the detection of ERα in Western blotting and IHC analysis, we used three differ-
ent monoclonal antibodies (Supplementary Table S5), validated by our or other groups
(Supplementary Table S5). Two of these (6F11 and SP1) are also routinely used in clin-
ics [74,75]. The anti-ERα antibodies 1D5 used for IHC recognize isoforms 1, 2, 3, and 5
and antibodies SP1 recognize isoforms 1, 2, and 3. Antibodies 6F11 were raised against the
whole protein, thus, it is not known which isoforms they recognize. However, published
studies [76,77] revealed a high concordance between IHC staining with 6F11 and 1D5
antibodies; our analysis showed decreased ERα levels when using all three antibodies. SP1
anti-ERα antibodies were also used for Western blotting.

Although our qPCR analysis detected the expression of isoform 1, 2, and 4, while
Western blotting and IHC recognized ERα1, ERα2, and ERα3, we saw the same trend of
statistically decreased levels of ESR1 mRNA and ERα protein in cancer tissue compared to
adjacent control tissue. This is in line with published reports showing that ERα1 represents
the major isoform of ERα [47,71,78].
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Lower levels of ERα in EC tissue compared to control endometrial tissue have been
reported by others [19,49,50,79–81]. The loss of ER suggests deregulation of signaling path-
ways, whereas mechanisms behind the down regulation of ESR1 are not unambiguously
understood. One explanation, suggested by Sasaki et al. (2003), is that hypermethyla-
tion of CpG-enriched regions is an important mechanism of ER loss. They reported a
methylated ESR1-C promoter in 29 of 32 EC tissue samples, and in none in their normal
endometrial tissue [82]. Furthermore, Wang and al. suggested that the loss of transcription
factor Forkhead-box A1 (FOXA1) is involved in decreased ESR1 expression during disease
progression [51].

ERα levels have been associated with clinicopathological features of EC. Higher ERα
levels have been associated with low-grade tumors [19,50,83], while lower levels have been
related to high-grade tumors and poor clinical outcome of patients with EC [45,84]. Only
few studies reported better disease-free or overall survival in patients with higher ERα
IHC levels. This can be explained by use of different cutoff values. Recent studies recom-
mend stratifying EC patients according to the percentage of ERα IHC-positive tumor cells
into three groups: high-risk (<10%), intermediate-risk (20–80%), and low-risk (90–100%)
groups [53,85]. Our survival analyses, which included a very limited number of patients,
reveal differences between patients with high and low IHC staining in overall survival,
while additional study using archival clinical data showed only a trend for better survival
of endometrioid EC patients with >80% of ERα-positive cells. There was no difference in
disease-free survival.

ERβ is believed to oppose the effects of ERα. Our study confirms significantly de-
creased ERβ mRNA and protein levels in EC tissue compared to control endometrial tissue
as determined by qPCR and Western blot analysis. However, IHC analysis revealed no
difference in ERβ levels in EC tissue compared to adjacent control endometrial tissue. This
discrepancy between the mRNA and protein levels versus IHC levels might be explained by
the detection of different splice variants and isoforms by qPCR assays and antibodies used.

Due to alternative splicing, the ESR2 gene encodes several transcript variants [86].
The most frequent transcript variants involve changed sequences for exon 8, which results
in different C-terminal regions of the translated proteins, whereas other variants are of
the exon-skipping variety [13,87]. The ESR2 gene has seven transcripts that code for five
functional proteins (isoforms 1, 2, 3, 5, and 6) and two non-coding transcripts. Our qPCR
Taqman assay detected eight mRNA transcripts, encoding isoforms 1, 2, 3, 5, and 6. Primers
for individual transcripts have also been designed in our laboratory, and the expression
analysis revealed that lower levels of ESR2 arise from decreased expression of transcripts
encoding isoforms 1 and 6.

The polyclonal anti-ERβ antibodies ab3576 used for Western blotting detect ERβ
isoforms 1, 5, and 6. A band of 59 kDa corresponding to the ERβ isoform 1 was detected in
all of the tissue samples, with statistically significantly lower levels in the EC tissue than
the in control endometrial tissue, which supports our qPCR data.

The monoclonal 14C8 anti-ERβ antibodies did not work in Western blotting, as previ-
ously reported by others [88], and have been used for IHC analysis only. The IHC scores
with the 14C8 antibodies did not support the results of Western blotting (ab3576 antibody)
and qPCR data, and this can be explained by expression of ERβ in adjacent cells that might
have been included in samples analyzed by qPCR and Western blotting.

Additionally, we introduced the well-characterized monoclonal antibodies PPG5/10
that recognize the major ERβ isoform, ERβ1 [89]. Our IHC analysis led to negative staining
in control testicular tissue and colon. This highlights the problem with batch-to-batch
variations and specificity of antibodies against ERβ, as previously reported [34–36,90],
leading to irreproducibility of published data. With the IHC analysis recognizing isoforms
1, 2, 3, 5, and 6, we observed no association between the ERβ levels and tumor grade, which
is in agreement with Collins et al. (2009), who reported no grade dependence of ERβ1,
ERβ2, and ERβ5 expression in EC tissue [50].
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To date, the expression profiles and function of the individual ERα and β isoforms are
still mostly unclear [91]. Important roles of different ERα and β isoforms have so far been
reported in prostate, breast, lung, thyroid, colorectal, ovarian cancer, and metastases [92–95].
Differences in functional domains of the isoforms affect protein activity [92]. For example,
in high-grade ovarian cancer, ERβ1 has an inhibitory role, while both ERβ2 and ERβ5
have been associated with pro-migratory and invasive functions [95]. Individual functional
domains of ERs respond to different modulators and degraders, which may have important
therapeutic roles in the future [92,93,95]. According to some scientists, understanding the
expression levels and functions of individual isoforms represents one of the important
challenges in the research of ERs [92].

As ERα and ERβ form functional heterodimers [16], it has been suggested that an
imbalance in ERα and ERβ expression might influence endometrial pathogenesis [96]. We
detected higher ERα than ERβ mRNA levels in EC compared to control tissue, which is in
accordance with published data [50,87,97]. As previously reported [71], we here confirmed
no significant changes in the ESR1/ESR2 expression ratio in the EC tissue compared
to adjacent control endometrium. The reports on the ESR2/ESR1 ratio have not always
been consistent [98]. Takama et al. [99] reported a significant positive correlation between
ESR2/ESR1 mRNA expression and the depth of myometrial invasion in 36 samples of
human EC, but we could not find such a correlation in our samples. Mylonas [46] associated
increased ERα/ERβ ratios with ovarian invasion, and Zannoni et al. [45] concluded that
the ratios of ERα/ERβ1 and ERα/ERβ2 identify poor clinical outcome for patients with
EC, implying prognostic relevance.

ERα has been associated with better patient prognosis and low-grade EC [46,100,101],
whereas the role of ERβ in EC has not been completely elucidated. The loss of ERβ expres-
sion is believed to be a common step in estrogen-dependent tumor progression in several
cancers, such as breast, ovarian, prostate, and colon cancers [102]. In EC, a decrease in both
mRNA and protein ERβ levels (or its isoforms) has also been reported [71,78,80]. Studies
also reported that ERβ knockdown could promote cell proliferation by decreasing p21
expression and by increasing Cyclin D1 expression [49]. However, Häring et al. [87] suggest
that ERβ has tumor-promoting properties and a potential oncogenic role. Furthermore,
steroid hormone receptor expression is a feature of differentiated endometrial cells and
lowered receptor levels in EC, including ERβ, could be a sign of diminished cellular differ-
entiation or cellular transformation [27]. Our data here on decreased ERβ protein levels in
EC tissue compared to the surrounding control endometrial tissue is in favor of the later
hypothesis, while the data on unchanged immunoreactivity do not support these findings.

The rapid and membrane-associated signaling events of E2 can be mediated via the
membrane-bound GPER [103]. Our study confirms GPER expression in all of the EC tissue
samples at the mRNA level and also in most of the samples at the protein levels. We saw no
differences in the expression of GPER at the mRNA level and protein levels evaluated by
IHC, while Western blot analysis showed significantly lower levels in EC. IHC on samples
from our cohort and commercial TMA showed predominantly cytoplasmic staining for
GPER, with a perinuclear accentuation, which supports its localization in the endoplasmic
reticulum and/or cellular membrane, as reported for breast cancer [62].

GPER has three different transcript variants, namely, 2, 3, and 4, where all of them
encode the same isoform of a protein [104]. In our qPCR approach, we separately amplified
transcripts 2, 3, and 4, and for Western blotting and IHC, we used antibodies which
recognize products of all three transcripts. Despite this, we observed no difference in
mRNA and IHC levels and decreased protein levels by Western blot in EC and adjacent
control endometrium tissue. Discrepancies between protein levels evaluated by Western
blotting and IHC staining may be explained by GPER expression in cancer cells and also in
adjacent stroma in myometrium, as EC samples might have included some stromal and
myometrial cells.
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To date, only a few studies have been performed evaluating GPER expression in
EC. He et al. (2009) [64] reported elevated GPER mRNA levels and higher IHC scores in
EC. They amplified all three transcripts of GPER, although their qPCR analysis included
only 10 EC samples, and they compared this GPER expression to control endometrium of
healthy women [64]. Li et al. demonstrated higher GPER expression in EC tissues than
in normal tissue (study included 50 normal endometrium, 52 type I EC, and 47 type II
EC) [68]. In contrast, Skrzypczak et al. (2013) [65] reported reduced GPER expression
in EC tissue compared to premenopausal and postmenopausal endometrial tissue from
non-EC patients, but they amplified only transcript variant 4. They found no correlation
between GPER and ESR1 expression [65], whereas we observed a statistically significant
correlation between GPER variants 3 and 4 and ESR1 and ESR2 mRNA levels, and also a
correlation between GPER, ERα, and ERβ protein levels in our paired samples of EC and
adjacent control tissue. Inconsistencies between reported studies and our data probably
result from different study designs, samples from separate case and control groups versus
paired samples of case group, a relatively low number of samples, and the evaluation of
different transcripts.

To date, the role of GPER in EC has not been explained in detail, although the prolifer-
ative and invasive effects of GPER have been demonstrated in Ishikawa, RL95-2, HEC-1A,
and KLE EC cell lines [64,105,106], which suggests that GPER has an important role in EC
pathogenesis. When investigating the potential of GPER as a prognostic and predictive
marker in EC, Krakstad et al. (2012) reported that the loss of GPER predicts poor survival
and is more common in metastatic lesions compared with primary lesions in ERα-positive
EC [66]. Our analysis in a relatively limited number EC patients did not find correlations
with the overall or disease-free survival. An important factor when comparing survival
analysis are the cutoff values, which can be differently defined; this problem has already
been addressed [53,107]. Our study included mainly stage I EC, therefore, we were unable
to evaluate correlations between GPER and metastasis, which calls for further studies
to be conducted. Recent studies also highlighted the importance of studying additional
factors that influence ER signaling, such as other transcription factors, ER binding cofac-
tors [47,108], and chromatin landscape, that are different between, for example, breast
and EC cells. This leads to different ER binding profiles and therefore, the expression of
different target genes [47,48]. However, those studies are beyond the scope of this article.

Our study has the following strengths: (1) use of thoroughly validated antibodies;
(2) use of several different antibodies against ERα and ERβ; (3) relatively high number
of samples analyzed by qPCR and Western blotting; and (4) inclusion of two different
populations and sample sources (samples from our cohort and commercial TMA). The
weakness of our study is the low number of samples included in the IHC analysis for ERβ
and GPER and the low number of high-grade endometrioid tumors.

4. Materials and Methods
4.1. Endometrial Tissue

Of the 45 patients who underwent hysterectomies at Department of Gynecology at
the University Medical Center Ljubljana, Slovenia and were enrolled in the present study
between 2003 and 2010, 14 were premenopausal (mean age, 45.9 ± 7.6 years) and 31 were
postmenopausal (mean age, 70.1 ± 8.6 years) (Supplementary Tables S1–S3). The study
was approved by the National Medical Ethics Committee of the Republic of Slovenia (0120-
701/2017-6). Paired EC tissue and adjacent control endometrial tissue were collected after
hysterectomies and immediately placed into RNA Later (Qiagene, Düsseldorf, Germany),
an RNA stabilization solution, and kept at −20 ◦C until RNA extraction. The diagno-
sis of EC was confirmed histologically by an experienced gynecological pathologist (J.Š.
and S.F.G.).
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4.2. RNA Isolation and qPCR

Total RNA was isolated from the tissue samples using Tri Reagent kits (Sigma-Aldrich,
Saint Louis, MO, USA) according to the manufacturer instructions. The quality of the
RNA samples was confirmed using an Agilent 2100 Bioanalyzer (Santa Clara, CA, USA),
where they showed an average RNA Integrity Number of 7.7. The total RNA was reverse
transcribed using SuperScript® VILOTM cDNA synthesis kits (Invitrogen, Carlsbad, CA,
USA). One microgram of total RNA was converted into cDNA (20 µL) according to the man-
ufacturer instructions and then stored at−20 ◦C. GPER, ESR1, and ESR2 mRNA expression
levels were determined using the exon-spanning hydrolysis probes (FAM dye labeled)
that are commercially available as ‘Assay on Demand’ (Applied Biosystems, Foster City,
CA, USA). The qPCR analysis for ESR1 and ESR2 was performed on 44 paired samples
and for GPER on 31 paired samples of EC tissue and adjacent control endometrial tissue
(Supplementary Table S1). We used a LightCycler 480 Real-Time PCR system (Roche, Basel,
Switzerland), with TaqMan Universal PCR Master mix and universal thermocycling pa-
rameters recommended by Applied Biosystems (Waltham, MA, USA). HPRT1 and POLR2A
were used as reference genes as described previously [109]. The assays details are shown in
Table 5. The gene expression normalization factor for each sample was calculated based
on the geometric mean of both of the selected reference genes [110]. The gene expression
for each sample was calculated from the crossing point value (Cq) as E−Cq, divided by the
normalization factor, and multiplied by 108. The Minimum Information for Publication
of Quantitative Real-Time PCR Experiments (MIQE) guidelines were considered in the
performance and interpretation of the qPCR reactions [111].

Table 5. Assays for the investigated ESR and GPER genes and reference genes.

Gene Assay ID Gene Name

ESR1 Hs00174860_m1 Estrogen receptor 1

ESR2 Hs01100353_m1 Estrogen receptor 2 (ER beta)

GPER Hs00173506_m1 G-protein–coupled estrogen receptor 1
(GPER) (gene variant 2)

GPER Hs01116133_m1 G-protein–coupled estrogen receptor 1
(GPER) (gene variants 3 and 4)

HPRT1 Hs99999909_m1
Hypoxanthine

phosphoribosyltransferase 1
(Lesch-Nyhan syndrome)

POLR2A Hs00172187_m1 Polymerase (RNA) II (DNA directed)
polypeptide A, 220kDa

The qPCR analysis of ESR2 isoforms in 34 paired EC samples was performed using
SYBR Green I Master (Roche) and primers that were designed in our laboratory (Table 1)
as follows: 1st cycle 5 minutes at 95 ◦C, 45 cycles 10 seconds at 95 ◦C, 10 seconds at
60 ◦C, and 21 seconds at 72 ◦C. The PCR amplification efficiency was determined from the
slope of the log-linear portion of the calibration curve for each gene investigated, and this
was accounted for in the further calculations. Two reference genes, POLR2A in HPRT1,
were used for normalization. The gene expression for each sample was calculated from
the crossing point value (Cp) as E−Cp, divided by the normalization factor and multiplied
by 1012. Results were analyzed with Wilcoxon test and p values < 0.05 were considered
statistically significant. All data are presented in Supplementary Table S4.

4.3. Western Blotting

Proteins were isolated from 18 paired samples of EC tissue and the adjacent control
endometrial tissue (Supplementary Table S2) that had previously been used for the RNA
isolation, following the Tri Reagent kit instructions. Protein aliquots of 30 µg were sepa-
rated by SDS PAGE on 10% Tris-glycine gels. The proteins were transferred from gels to
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polyvinylidene difluoride membranes (Millipore Corporation, Billerica, MA, USA) and
incubated with 5% non-fat milk in Tris Buffered Saline buffer, with 0.1% Tween® 20 (TTBS)
for 2 h.

For the detection of four proteins—ERα, ERβ, GPER, and GAPDH—the membranes
were incubated overnight at 4 ◦C with the primary antibodies. For ERα we used rabbit
monoclonal antibodies from Thermo Fisher Scientific, Life Technologies, Waltham, MA,
USA, Lot: 9101513081A (1:500, SP1, Cat. #: RM-9101-15, Lot:9101513081A,) in TTBS
with 2% non-fat milk powder (Supplementary Figure S1); for ERβ we used the rabbit
polyclonal antibodies from Abcam (1:1000, ab3576, Abcam, Cambridge, UK, Cat. #: ab3576,
Lot: GR208064-1) in TTBS with 5% non-fat milk powder (Supplementary Figure S2); and
for GPER we used anti-GPER rabbit polyclonal antibodies from Sigma-Aldrich (1:500,
HPA027052, Sigma-Aldrich, Saint Louis, MO, USA, Cat. #: HPA027052, Lot: A61748)
in TTBS with 5% non-fat milk powder (Supplementary Figure S3). The control protein
GAPDH was detected with the mouse polyclonal anti-GAPDH antibodies (1:2500, G8795,
Sigma-Aldrich, Saint Louis, MO, USA, Cat. #: G8795, Lot: 086K4832) in TTBS with 1% non-
fat milk powder. The details of the primary antibodies are provided in the Supplementary
Table S5. The polyclonal secondary antibodies were then applied (peroxidase-conjugated
goat anti-rabbit IgG + IgM [H + L], 1:4000 Jackson ImmunoResearch Laboratories Inc.,
West Grove, PA, USA, Cat. #: 111-035-045) for 2 h at 4 ◦C in TTBS with 1% non-fat milk
powder in the case of ERα and ERβ, whereas for GPER, the secondary antibodies were
diluted in 3% non-fat milk powder. For GAPDH detection, the membranes were incubated
with the secondary antibodies (peroxidase-conjugated IgG + IgM [H + L], 1:5000 Jackson
ImmunoResearch Laboratories Inc., West Grove, PA, USA, Cat. #: 111-035-045) for 2 h at
4 ◦C in TTBS with 1% non-fat milk powder.

SupersignalTM West Pico Chemiluminiscence Substrate (Thermo Fisher Scientific, Life
Technologies, Waltham, MA, USA) was used for the detection of the bound antibodies,
according to the manufacturer instructions, using a Fujifilm LAS4000 image reader (Fu-
jifilm, Tokyo, Japan). The detection of GAPDH was used as the normalization control.
Quantification of the Western blotting was carried out with ImageJ (National Institutes of
Health, Bethesda, MD, USA). All data are presented in Supplementary Table S6.

4.4. Immunohistochemistry (IHC)

IHC was performed on individual paraffin sections and on tissue microarrays (Supple-
mentary Table S3). Adjacent tissue was available for 29 formalin-fixed, paraffin-embedded
endometrial cancer tissue samples. Sections were dewaxed in xylene and rehydrated. Sec-
tions were incubated in H2O2 to block endogenous peroxidase. After antigen retrieval in
sodium citrate buffer, the sections were incubated with the monoclonal antibodies, 1D5 anti-
ERα (1:20, M7047, Dako, Denmark, Cat. #: M7047, lot 1: 00034057 and lot 2: 20015818) [112]
and the 14C8 anti-ERβ antibodies (1:100, GTX70174, GeneTex, Irvine, CA, USA, Cat. #:
GTX70174, lot: 20882) [74], and HPA027052 anti-GPER (1:500, Sigma-Aldrich, Saint Louis,
MO, USA, Cat. #: HPA027052, Lot: A61748). The peroxidase-antiperoxidase complex with
the diaminobenzidine substrate was used to detect the bound antibodies.

IHC staining was performed using commercially available kits and automated stain-
ing procedures (BenchMark Ultra, Ventana, Basel, Switzerland) with diaminobenzidine
substrate. Two additional anti-ERα antibodies were employed: the monoclonal antibodies
6F11 (1:25, Novocastra Laboratories Ltd., Newcastle upon Tyne, UK, Cat. #: NCL-I-ER-6F11,
Lot: 6031484) and SP1 (1:25, Thermo Fisher Scientific, Life Technologies, Waltham, MA,
USA, Cat. #: RM-9101-15, Lot: 9101513081A). We also analyzed commercial microarrays
including 12 samples of paired EC tissue and uninvolved control endometrial tissue (TMAs;
core size, 2.5 mm; EMC241, Pantomics Inc., Fairfield, CA, USA) to detect ERα, ERβ, and
GPER with the monoclonal anti-ERα antibodies 1D5 (1:20, M7047, Dako, Denmark, Cat. #:
M7047, lot 1: 00034057 and lot 2: 20015818), anti-ERβ monoclonal 14C8 antibodies (1:100,
Genetex, Irvine, CA, USA, Cat. #: GTX70174, Lot: 20882), and anti-GPER HPA027052
antibodies (1:500, Sigma-Aldrich, Saint Louis, MO, USA, Cat. #: HPA027052, Lot: A61748).
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The TMA sections were first evaluated by an experienced gynecological pathologist (S.F.G.)
to confirm the diagnoses indicated by the manufacturer. In one tissue pair, both of the
sections were diagnosed as tumor sections, while in two other pairs, the normal section
was identified as cervical tissue and not control endometrial tissue. These samples were
therefore excluded from further evaluation (Supplementary Table S7). The TMA were
processed as described above.

Evaluation of the IHC staining levels was performed by (M.H., J.Š., and S.F.G.) based
on the percentage of stained cells and the intensity of staining, which were scored as follows:
1, weak; 2, moderate; 3, very strong. The IHC scores were calculated by multiplying the
percentages of positive cells (P) by the intensities (I) (Q = P × I; maximum = 300). Both
nuclear and cytoplasmic staining were evaluated for ERα: nuclear staining was evaluated
for ERβ, while cytoplasmic staining was evaluated for GPER. All data are presented in
Supplementary Table S8.

4.5. Survival Data

Survival data were collected for 44 EC patients (Supplementary Table S9). Patients
were assigned to the low or high ERα and GPER groups according to the cutoff percentage
of IHC-positive tumor cells as estimated by maximally selected rank statistic maxstat R
package (0.7–25) R studio version 4.1.3. The Kaplan–Meier method was used to estimate
overall survival and disease-free survival.

Additionally, we collected, from our archives, survival data for all patients treated for
endometrioid EC in 2015 and 2016 at Department of Gynecology at University Medical
Centre Ljubljana with available IHC ERα data. An overall survival analysis was performed
for these 139 patients.

4.6. Statistical Evaluation

The differences in the expression levels of the selected genes were analyzed at the
mRNA and protein levels in the EC tissue, as compared to the adjacent control en-
dometrium, using t-test or Wilcoxon tests. Two-way ANOVA was performed for the
two-factorial comparisons of parameters, depending on the sample (tumor or control) and
on the menstrual status (premenopausal or postmenopausal) or on tumor grade. Spear-
man’s rank correlation coefficients (rs) were used to assess the correlations between the
expression ratios of ESR1, ESR2, and GPER at the mRNA and protein levels and between
the scores of the immunohistochemistry analysis. Cutoff values for the survival analysis
were selected using maximally selected rank statistic maxstat R package (0.7–25) [113].
The Kaplan–Meier analyses were performed to evaluate effects on survival. The statistical
calculations and tests were performed using the GraphPad Prism Software for Windows,
version 5.00 (San Diego, CA, USA), SPSS software (IBM version 22, Armonk, NY, USA),
or R studio version 4.1.3. All of the tests were two-tailed, and differences of p < 0.05 are
considered as statistically significant.

5. Conclusions

To the best of our knowledge, this is the first report of co-expression of ERα, ERβ, and
GPER in EC tissue and their correlations at the mRNA and protein level, which suggests
that active estrogens formed in EC tissue can have actions through the classical ERs as well
as GPER. Correlations in the expression of estrogen receptors suggest that in addition to
ERα, ERβ and GPER may also have clinical prognostic value. The co-expression of ERα,
ERβ, and GPER, and the precise role of the separate ER isoforms and variants are still not
completely elucidated, and thus warrant further studies.
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