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Abstract. Glioblastoma (GB) is the most frequent primary
brain tumor with a very poor prognosis. Sex hormones are
crucial players in the development of GBs. 17 3-estradiol (E2)
signaling is involved through its corresponding intracellular
receptors [estrogen receptor o (ERa) and B (ERP)] in GB cell
proliferation and progression. E2 activates G-protein coupled
estrogen receptor (GPER), leading to rapidly occurring
effects, independently of gene transcription. GPER activa-
tion is involved in tumor progression in various cancer types.
Currently, available data concerning the occurrence and role
of GPER in GB are very limited. In the present study, it was
observed that GPER was expressed in human brain tumor cell
lines [U251 (astrocytoma-derived cell line), U87, LN229 and
T98 (glioblastoma-derived cell line)]. Immunofluorescence
assays revealed that GPER localizes in the plasma membrane,
cytoplasm and nucleus. An in silico analysis identified two
potential E2 response elements in the promoter region of the
GPER gene. E2 increased GPER expression in the U251, U87
and LN229 cell lines. Molecular modeling data derived from
in silico analysis predicted the three-dimensional conforma-
tion of GPER, and docking analysis identified potential binding
sites of E2 and its specific agonist, G1. Taken together, these
results indicate that GPER may be differentially expressed
in human GB cell lines with E2 possibly upregulating GPER
expression. The present study raises further questions about
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the implications of GPER-mediated E2 signaling in the
biology of GBs.

Introduction

Glioblastoma (GB) is widely known as the most frequent
and lethal primary brain tumor affecting adults. The overall
survival rate of patients with GB does not exceed 15 months.
The prevalence of GB is significantly higher among males
than females at a ratio of 1.6/1 (1); this sex-dependent differ-
ence may indicate a role of sex hormones in the incidence and
progression of GB, in particular as regards 17 (3-estradiol (E2),
which is the most potent estrogen, and which has been most
frequently studied in this context (2). E2 promotes cell prolif-
eration, migration and invasion in human GB (2-4). However,
E2 has been reported to exert diverse effects on GB, depending
on the concentration (3,5) and the predominant signaling of
the intracellular receptor subtype [estrogen receptor a (ERa)
and B (ERp)]. In general, the prevalence of ERa signaling
has been found to be associated with GB progression, while
E2 signaling by ERp has been shown to be associated with
anti-neoplastic effects (3,6,7), Gonzdlez-Arenas et al (3)
demonstrated that ERa and not ERf activation increased
the proliferation of human astrocytoma-derived cells. More
recently, Herndndez-Vega et al (6) described that ERa activity,
in contrast to ERf activity, promoted epithelial-mesenchymal
transition (EMT) in human GB cells. Signaling pathways of E2
can also proceed through G-protein coupled estrogen receptor
(GPER), a seven-transmembrane domain protein that leads to
rapid effects, independently of gene transcription. In 1996, the
orphan GPCR30 was discovered (GPR30) (8). In a subsequent
study, estrogen binding to GPR30 was reported; therefore, it
was renamed as GPER (9). Following ligand binding, GPER
signaling proceeds through various non-genomic path-
ways (10). The protective effects of GPER against brain injury
have been reported. In primary cortical neuron cultures, GPER
activation has been shown to exert neuroprotective effects
against excitotoxic stimuli (11). Notably, there is evidence
of cross-regulation between intracellular and membrane E2
receptors (ERa, ERf and GPER) (12). In zebrafish, the process
of vitellogenesis is regulated by ERa and its interaction with
ERp and GPER (13). In human renal tubule epithelial cells,
E2 increases proliferation through the co-operative actions
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between ERa and GPER (14). This phenomenon extends to the
context of cancer, where the interplay between GPER and ERa
in promoting tumor progression has also been observed (15).
The role of GPER in cancer has been studied in various
malignancies. In ovarian cancer, the high expression of GPER
has been found to be associated with a poor survival rate (16).
In triple-negative breast cancer, GPER/ERK signaling has
been shown to promote tumor progression (11,17). In human
lung cancer cells, the GPER/EGFR/ERK1/2 pathway induces
the upregulation of matrix metalloproteinases, proteins essen-
tial in invasion and metastasis (18). Avino et al (19) reported
that insulin-like growth factor-I (IGF-I)/IGF-I receptor
(IGF-IR) and GPER functioned together to promote migration
in mesothelioma and lung cancer. However, in the context of
GB development, evidence of the regulation and functions of
GPER is limited. Recently, Hirtz et al (20) reported GPER
protein expression in the human GB-derived cell lines, U251
and LN229. In the present study, the expression of GPER in
U251, U87, LN229 and T98 human GB-derived cell lines
was evaluated at the mRNA and protein levels and GPER
subcellular localization was determined. It was also examined
whether E2 could regulate GPER expression by identifying
two estrogen response elements (EREs) in the GPER promoter
through an in silico analysis, and the regulation of GPER
expression by E2 in GB-derived cell lines was determined.
Furthermore, potential GPER structure models for molecular
docking of the predicting binding sites for E2 and the synthetic
GPER ligand, G1, were obtained by an in silico analysis.

Materials and methods

Cell culture and treatments. The U251 astrocytoma cell line,
the LN229 (CRL-2611) and T98G (CRL-1690) glioblastoma cell
lines, and the U87 cell line (HTB-14, glioblastoma of unknown
origin) were purchased from the American Type Culture
Collection (ATCC). The U251 and U87 cell lines were previously
authenticated by the authors using STR profiling. All cells were
cultured up to 25-30 passages, evaluating morphological charac-
teristics maintenance and monitoring routinely for mycoplasma
contamination (data not shown) by microscopic examination.
In addition, all cell lines were cultured in Dulbecco's modi-
fied Eagle's medium (DMEM) with phenol red (Biowest)
supplemented with 10% fetal bovine serum (FBS), | mM
sodium pyruvate (Biowest), 0.1 mM non-essential amino acids
(Invitrogen; Thermo Fisher Scientific, Inc.), and 1 mM antibiotic
(streptomycin 10 g/1; penicillin G 6.028 g/1; and amphotericin B
0.025 g/1, Biowest, cat. no. L0010). Cells were incubated under
standardized conditions of 37°C, 95% air, 5% CO, and 95%
humidity. Cells were cultured until a confluence of 70-80%.
Afterwards, the medium was changed to phenol red-free DMEM
(Invitrogen; Thermo Fisher Scientific, Inc.), supplemented with
10% hormone-free FBS, 0.1 mM non-essential amino acids
(Invitrogen; Thermo Fisher Scientific, Inc.), and 1 mM antibi-
otic, used for a 24-h cell incubation. Subsequently, E2 (E4389,
MilliporeSigma) or vehicle (cyclodextrin; MilliporeSigma) were
added at 1, 10, 100 nM and 1 M for 24 h, and total RNA or total
protein extraction was performed.

RNA extraction and reverse transcription-quantitative
polymerase chain reaction (RT-qPCR). RNA extraction from

U251, U87, LN229 and T98 cell lines was performed using
TRIzol® reagent (Invitrogen; Thermo Fisher Scientific, Inc.)
following the manufacturer's instructions. Total RNA of healthy
human astrocytes (HA) obtained from ScienCell Research
Laboratories, Inc. was used to compare GPER mRNA levels.
A total of one ug of total RNA was used to synthesize the
first-strand cDNA in a reaction with M-MLYV reverse transcrip-
tase (Thermo Fisher Scientific, Inc. cat. no. 28025013) following
the manufacturer's protocol. GPER relative expression to the
18S ribosomal RNA (rRNA) was determined using RT-qPCR
with standardized primers for GPER (21) as follows: Forward,
5'"TCACGGGCCACATTGTCAACCTC-3" and reverse,
5'-GCTGAACCTCACATCCGACTGCTC-3"; 18S forward,
5'-AGTGAAACTGCAATGGCTC-3' and reverse, 5-CTG
ACCGGGTTGGTTTTGAT-3'. For RT-qPCR, the FastStart
D.N.A. Master SYBR-Green I kit (Roche Diagnostics GmbH)
was used to perform amplification in the Light Cycler 2.0
(Roche Diagnostics). The following thermocycling conditions
were applied for RT-gPCR: 95°C for 10 min, followed by 35
amplification cycles of 95°C for 10 min, 62°C for 10 sec, and
72°C for 10 sec. The relative expression of the GPER gene was
calculated, considering the 18S rRNA gene as an endogenous
expression control reference. Relative expression was quantified
using the comparative method of 2444 (22,23).

Protein extraction and western blot analysis. The content of
GPER protein was determined using western blot analysis in
U251, U87,LLN229 and T98 cell lines. Following the treatments
(E2 1,10, 100 nM and 1 yM), cells were homogenized in RIPA
buffer with a cocktail of protease inhibitors (MilliporeSigma).
Proteins were obtained by centrifugation at 16,500 x g at 4°C
for 5 min and quantified using the NanoDrop 2000 spectro-
photometer (Thermo Fisher Scientific, Inc.). Also, a total HA
protein extract from ScienCell Research Laboratories, Inc.
(cat. no. 1806) was used. A total protein quantity of 30 ug per
lane was loaded on a 12% polyacrylamide gel under denaturing
conditions for protein separation. Proteins were transferred to
a nitrocellulose membrane (Bio-Rad, cat. no. 1620115) under
semi-dry conditions for 45 min at 25 V. Blocking was completed
with 5% bovine serum albumin (BSA; Gold Biotechnology)
at 37°C for 2 h. Membranes were incubated with the primary
antibody against GPER (1:400; cat. no. ab39742; Abcam) at 4°C
for 48 h. As a loading control, the a-tubulin protein content
(1:1,000, at 4°C for 24; sc-398103, Santa Cruz Biotechnology,
Inc.) was determined. Subsequently, all membranes were
incubated with the anti-rabbit IgG (1:10,000; cat. no. 1858415;
Thermo Fisher Scientific, Inc.) or anti-mouse IgGMx (1:10,000;
cat. no. sc-516102; Santa Cruz Biotechnology, Inc.) secondary
antibodies at room temperature for 45 min, with shaking. The
secondary antibodies were removed, and the membranes were
washed (TBS with 0.1% Tween). Finally the signal was detected
with Super Signal West Femto Maximum Sensitivity Substrate
(Thermo Fisher Scientific, Inc.) and quantified. Densitometric
analysis of the western blot bands was performed with Image
J 1.45S software (National Institutes of Health, USA). The
content of GPER was normalized concerning the a-tubulin.

Immunofluorescence. A total number of 15x10° U87 cells per
well were seeded on coverslips in DMEM medium (Invitrogen,
Thermo Fisher Scientific, Inc.) supplemented with 10% FBS,
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1 mM pyruvate, 2 mM glutamine, and 0.1 mM non-essential
amino acids (Gibco; Thermo Fisher Scientific, Inc.) and with
1% penicillin/streptomycin at 37°C with 5% CO,. Following
a 24-h incubation, the medium was changed with DMEM
medium without phenol red, FBS and antibiotics. Afterwards,
following a further 24-h incubation in this medium, the cells
were incubated in a blocking solution (PBS with 1% BSA,
MilliporeSigma) at 37°C for 20 min. Some experiments were
performed in permeabilized conditions by adding 0.2% Triton
(MilliporeSigma). Subsequently, the cells were incubated
with a polyclonal rabbit anti-GPER (1:350; cat. no. ab39742;
Abcam) in a PBS solution with 1% glycine (MilliporeSigma)
and 1% BSA (MilliporeSigma) for 24 h. Upon the removal of
the primary antibody, the cells were washed with PBS and
incubated with 568-conjugated goat anti-rabbit IgG (1:400;
Thermo Fisher Scientific, Inc.) at room temperature for 60 min.
The cells were then washed and incubated with Hoechst
(1 mg/ml; 33342, Thermo Scientific, USA) at room tempera-
ture for 7 min. Finally, the cells were washed and mounted in
Aqua-Poly/Mount medium (cat. no. 18606; Polysciences, Inc.).
Slides were observed under a Nikon A1R confocal microscope.
Four different arbitrary fields were captured for all experi-
mental conditions, and a Z-reconstruction with an orthogonal
and 3D projection was obtained at a total magnification of x600.
Fluorescence intensity analysis of the images was performed
with ImageJ® 1.45S software (National Institutes of Health).
At least three cells per field were analyzed. To calculate the
fluorescence intensity, the formula of corrected total cell fluo-
rescence (CTCF)was used: CTCF=integrated density-(area
of selected cell x average background fluorescence) (24). The
percentage of the GPER positive area included the regions of
interest (ROIs) in each cell analyzed. Negative control with the
use of secondary antibody only was also performed.

Prediction of EREs. The GPER gene sequence was obtained
from the National Center for Biotechnology Information
(NCBI) database, entry NC_000007.14: 1085755-1094865,
by using the entire promoter region for analysis. Probability
matrices for EREs were obtained from the JASPAR (25),
HOMER (26) and HOCOMOCO (27) platforms. Data were
analyzed using the TFBSTools package (28) for R v4.0.2 on
windows. Sites with a score =0.9 and predicted by at least two
matrices were considered as possible EREs. The generated
bed files were visualized using Integrative Genomics Viewer
v2.8.7 software (Broad Institute) (29).

Molecular modeling of GPER and docking. The amino
acid sequence of GPER was obtained from the UniProtKB
database (Q99527, GPER1_HUMAN). A non-redundant
alignment was performed using the Protein Data Bank
(PDB) database on the Blast-P platform (NCBI), determining
three templates in total. Two templates belonged to bovine
Rhodopsin crystallographic structures with PDB (entries
1F88 and 1HZX, respectively), with an identity percentage
of 23.4%, and one template belonged to a human GPCR PDB
(entry 6LFL) with 36.6% identity after alignment. These
three structures obtained from PDB were prepared for further
use in Chimera (30). For molecular modeling by homology,
Modeller software (31,32) was used with a base script. A
total of 50 models were obtained for each one of the three

obtained templates. Model validation was carried out using
the Hammer program (Rd. Hmmr) (33) in Linux and the
Prosa-web server (34), selecting the models with the best score.
The selected models were visualized with Visual Molecular
Dynamics (VMD) (35), and representations of each model
were obtained, indicating the regions of interest in each struc-
ture. These models were prepared in the Auto-Dock Tools (36)
for Linux distribution ubuntu 20.04 to obtain the pdbqt files
with rigid residues for subsequent use in docking analysis.
E2 (ID:5757) and 1-((3aS,4R,9bR)-4-(6-bromo-1,3-benzo-
dioxol-5-yl)-3a,4,5,9b-tetrahydro-3H-cyclopenta (c)
quinolin-8-yl) ethanone, G1 (ID: 5322399) ligands were
obtained in sdf format from the PubChem (NCBI). The pdb
files for these ligands were obtained using the Open Babel
v.2.3.1 (37). Subsequently, the structures of the ligands were
prepared using Chimera and Autodock Tools, acquiring the
pdbqt files for each ligand. At this point, blind docking was
performed by defining the Grid box for the entire extracel-
lular region using AutoDock 4 (38). The parameter search
was performed using a Lamarckian genetic algorithm (LGA),
and mean completeness (250,000) and 100 run poses were
determined. Finally, the data resulting from the clusters for the
conformations of each ligand in each model were evaluated,
taking as the best binding energy those values that presented
the highest number of conformations.

Statistical analysis. Data were analyzed using one-way
ANOVA followed by Tukey's multiple comparisons test.
GraphPad Prism 5.0 software (GraphPad Software, Inc.) was
used to perform the statistical analyses. Results are expressed
as mean + SEM (n=5). P<0.05 was considered to indicate a
statistically significant difference.

Results

Characterization of mRNA levels and protein content of
GPER in human astrocytoma and GB tumor cell lines. To
characterize the expression of GPER in four GB-derived
cell lines (U251, U87, LN229 and T98), mRNA levels and
protein content were measured using RT-qPCR and western
blot analysis, respectively. GPER mRNA and protein expres-
sion was detected in all cell lines under common culture
conditions (Fig. 1A and B). The GPER mRNA levels in HA
were significantly higher than those in GB-derived cell lines
(Fig. 1A). At the protein level, two bands corresponding to the
reported molecular weights of GPER (70 and 55 kDa) were
detected (Fig. 1B). The presence of different GPER isoforms
has been shown to be related to receptor maturation through
N-glycosylation (39-41). Densitometric analysis indicated that
the U87 cells showed the highest protein content of GPER in
55 kDa band) (Fig. 1B and C).

Subcellular localization of GPER in a human GB-derived
cell line. To further elucidate the subcellular localization of
GPER in GB cells, the U87 cells were evaluated (since these
cells demonstrated the highest GPER content according to
Fig. 1B-D) by immunofluorescence and confocal microscopy.
In non-permeabilized cells, GPER was localized in the plasma
membrane and at the edge of the cell (Fig. 2A). By contrast,
GPER was also observed in the nucleus of permeabilized cells,
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Figure 1. Characterization of GPER expression in human GB-derived cell lines. (A) GPER mRNA levels (normalized to 18S rRNA levels by applying 2444
method) in HA, human GB-derived cell lines (U87, LN229 and T98), and a human astrocytoma cell line (U251). Each bar represents the mean + SEM
(""P<0.001 vs. the tumor cell lines). (B) Representative western blots for the GPER (70 and 55 kDa) content. (C and D) Densitometric analysis of the GPER
western blots for the 70 and 55 kDa bands, respectively. Data were normalized in relation to the HA cell line values. Results are expressed as the mean + SEM,
n=3 ("P<0.05). GPER, G-protein coupled estrogen receptor; HA, healthy human astrocytes.

as it colocalized with Hoechst dye, as shown in (Fig. 2C). The
CTCF indicated a higher fluorescence intensity in the nucleus
than in the cytoplasm of permeabilized cells (Fig. 2D). On the
other hand, the analysis of the GPER-positive area demon-
strated a decreased distribution percentage in the cell nucleus
compared with the cytoplasm (Fig. 2E).

GPER promoter region contains two ERE sequences. In order
to investigate the potential effect of E2 on GPER expression
in human GB cell lines, an in silico analysis with TFBSTools
was performed to identify EREs (28). The analysis indicated
two potential EREs with a score equal to or greater than 0.9
and whose sequences were predicted in at least two of the
three used matrices (JASPAR, HOMER and HOCOMOCO).
The sequences and position of these putative binding sites are
presented in Fig. 3A and B.

E2 increases GPER expression in human GB-derived
cell lines. In order to evaluate whether E2 regulates GPER
expression in brain tumor cells, the U251, U87, LN229 and
T98 cell lines were treated with various E2 concentrations
(1, 10 and 100 nM, and 1 gM). It is worth mentioning that
in all experimental conditions, including E2 treatments
(under culture conditions with phenol red-free DMEM and
hormone-free FBS), the band corresponding to the 70-kDa
molecular weight was the most consistently detected
(Fig. S1). Therefore, it was used for the analysis of GPER
content following E2 treatments. The GPER content (70 kDa)

increased in the U251 and U87 cell lines treated with E2
(10 nM) compared to the vehicle (Fig. 4A and B), while in
the LN229 cell line, GPER expression (70 kDa) increased
following treatment with 1 uM E2 (Fig. 4C). In the T98G cell
line, E2 treatments did not induce any significant change in
the GPER content (Fig. 4D). These results suggest that E2
differentially regulates the expression of GPER in human
brain tumor cell lines.

Molecular modeling of GPER. At present, there is no crystal-
lographic structural resolution of GPER, to the best of our
knowledge. In order to analyze the molecular characteristics of
GPER inits three-dimensional conformation in silico and suggest
in vivo receptor behavior, molecular modeling by homology of
GPER was performed, using the Modeller program, visualizing
the seven-transmembrane domains of GPER protein and the
extracellular and intracellular structural regions. The structural
conformation of the transmembrane region was conserved in
the three templates used for modeling (1F88, IHZX and 6LFL).
However, the structural conformation of the first 50 amino acids
was different, depending on the template used. The asparagine
residues 25, 32 and 44 in the N-terminal region were defined as
glycosylation targets (Fig. 5).

Molecular docking of GPER-ligand interaction. The binding
site and affinity of E2 and G1 molecules for GPER have not,
to the best of our knowledge, been previously defined. In the
present study, a molecular docking and recognition of both
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Figure 2. Subcellular localization of GPER in non-permeabilized and permeabilized U87 cells. (A) In non-permeabilized cells, GPER aggregates (red) were
mainly observed at the edge of the cell and on the rest of the cell surface. In the merged image, there was no presence of GPER in the nucleus (green); likewise,
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areas in the analyzed images. (C) GPER aggregates (red) were observed in the nucleus and cytoplasm of permeabilized cells (white arrows indicate the nucleus
or cytoplasm). (D) CTFC analysis demonstrated a higher fluorescence intensity of GPER was the nucleus than in the cytoplasm. (E) Analysis of the subcellular
distribution of the GPER-positive area indicated a lower distribution percentage in the nucleus than in the cytoplasm. Scale bar, 10 M. Results are expressed
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as the mean + SEM, n=3 (" "P<0.001 vs. negative GPER or cytoplasm). GPER, G-protein coupled estrogen receptor; CTCF, corrected total cell fluorescence.

ligands were conducted, based on the three templates generated
for GPER bovine rhodopsin crystallographic structures (PDB
entry numbers 1F88 and 1HZX) and one structure of a human
GPCR (PDB entry 6LFL). GPER-ligand interaction analysis
revealed that in templates 1F88 and 1HZX, E2 and G1 binding
occurred in an extracellular domain, while according to the

6LFL template, this binding occurred in the transmembrane
region (Fig. 6A). By using the Auto Dock 4 program and Auto
Dock Tools, ligand conformations (E2 or G1) with different
affinities for each of the receptor models were observed.
The highest binding energy for E2 and G1 was observed in
the 6LFL template (Fig. 6B). An analysis of the interaction
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sites of each GPER model (1F88, IHZX, and 6LFL) with both
ligands (E2 and G1) was also performed (Fig. 6C and D). In
the 1F88 model, E2 and GI interacted with ALA22, ALA23,
SER28, PRO36, GLY39, and THR40 residues. The cluster
plot indicated that the most favorable binding energy was
-8.1 for E2 and -7.8 for G1. For the 1HZX model, E2 and Gl
demonstrated a shared interaction with HIS300, HIS302, and
PRO303 residues. Moreover, their favorable binding energies
were lower in comparison with a value of -6 for E2 and -6.7
for G1. According to 1F88 and 1HZX models, the binding sites
for both ligands are similar. Finally, the 6LFL model revealed
that E2 and G1 appear to interact in different regions of GPER.
This analysis indicated favorable binding energies, -10.7 for
E2, and -10.1 for G1. The highest binding energy of E2 and
Gl in the highest number of conformations was obtained with
the 6LFL model (Fig. 6D). According to the 6LFL model, E2
and Gl (in the largest number of conformations) presented the
highest binding energy of the three models.

Discussion

The present study characterized GPER expression at the
mRNA and protein level in three human GB-derived cell lines
(U87, T98G and LN229) and one astrocytoma cell line (U251).
Moreover, it was explored whether E2 may regulate GPER
expression through a genomic mechanism via EREs, and the
three-dimensional conformation of GPER and the potential
interaction sites with their ligands, E2 and G1, were predicted.

Firstly, GPER expression in the U251, U87, LN229 and
T98G human brain tumor cell lines and HA cell line was
determined at the mRNA level, the highest expression of
GPER was detected in HA, while U87 cells demonstrated the

highest expression at the protein level. These results could be
related to the cellular heterogeneity of GBs (42-44). However,
the functional significance of the increased GPER expres-
sion in U87 cells required further evaluation. In ovarian
cancer, the higher expression of GPER has been associated
with MMP-9 expression, which participates in invasion and
migration processes (45). The two bands detected for GPER
correspond to the reported molecular weights of GPER
(70 and 55 kDa). Gonzalez de Valdivia et al (46) described
that the GPER reaches a molecular mass of 70-kDa due to
glycosylation of the asparagine 44 residue and identified
receptor species at a molecular mass of 40 and 110 kDa, as a
result of deglycosylation. Other authors have also identified
the receptor at 55-kDa molecular weight, suggesting that
different GPER species are related to receptor maturation
through N-glycosylation (39,40). It would be of interest to
evaluate the functional significance of GPER glycosylation
in future studies.

The subcellular localization of GPER were also
characterized in the U87 cell line. In permeabilized and
non-permeabilized preparations, orthogonal projections and
3-D reconstructions indicated that GPER was located in the
cytoplasm and the nucleus. In another study the presence of
GPER in these compartments has also been reported (47). The
results of the present study revealed that in non-permeabilized
cells, GPER could only be observed in the plasma membrane,
particularly in the prolongations of border cells. Furthermore,
according to a previous study on breast cancer cells and in
breast cancer-associated fibroblasts, GPER subcellular local-
ization was shown to be related to different tumor properties,
with the cytoplasmic expression of GPER associated with a low
tumor stage and a better histological differentiation (47-50).
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The intracellular trafficking pathway of GPER is highly
unusual, as these types of receptors are typically recycled to
the plasma membrane or degraded in lysosomes (46,47,51).
It has also been described that GPER endocytoses from the
plasma membrane through clathrin-coated vesicles, entering
early endosomes, and accumulating in a perinuclear compart-
ment; it has also been observed that GPER internalization
may occur in the absence of ligand, indicating that the GPER
undergoes a constitutive endocytosis (46,47,51-53).

The presence of GPER in the nucleus may also be
related to an active transcriptional role of GPER, similar
to that first reported by Madeo and Maggiolin (49), who
suggested that the localization of GPER and EGFR in the
nucleus of breast cancer-associated fibroblasts (CAFs) was
necessary for their recruitment to the cyclin D1 promoter
sequence. They demonstrated that the functional role of

the nuclear interaction between GPER and EGFR was
induced by E2. In another study on breast CAFs, it was
reported that GPER translocated to the nucleus through an
importin-dependent mechanism, where GPER regulated its
target genes (c-Fos and connective tissue growth factor gene)
and the estrogen-induced migration of CAFs (50). In ovarian
cancer, nuclear localization of GPER has been associated
with poor survival (54). Nuclear GPER expression has also
been associated with poorly differentiated carcinomas and
the triple-negative subtype (47). Thus, in the present study,
the significance of nuclear GPER in GB required an in-depth
experimental approach.

The regulation of GPER expression in GB is currently
unknown, to the best of our knowledge. Previous studies
have determined that E2 not only increases the expression of
GPER mRNA, but also the protein content in different cell
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Figure 5. Molecular modeling of GPER. Molecular modeling of GPER using the crystal structures of two bovine rhodopsins: (A) (ID-PDB: 1F88) and
(B) (ID-PDB: 1HZX), and a human GPCR (C) (ID: 6LFL) as templates. The structure of GPER is shown, indicating in gray the region of the a-helices corre-
sponding to the seven-transmembrane domains of GPER. The extracellular and intracellular regions are depicted in light pink. Asparagine residues, which are
glycosylation targets, were labeled in aqua green. GPER, G-protein coupled estrogen receptor.

types, including endometrial carcinoma cells, chondrocytes,
colorectal cells and triple-negative breast cancer cells (55-58).
An in silico analysis was used to investigate EREs in the
GPER gene. This analysis predicted the presence of two EREs
in the GPER promoter; however, additional experimental
strategies including ChIP or site direct mutagenesis tools are
required to confirm the presence of the EREs predicted in
this study. Subsequently, to determine the role of E2 in GPER
expression, U251, U87, LN229, and T98G cells were treated
with various concentrations (1, 10 and 100 nM, and 1 uM).
E2 increased GPER content in the U251, U87 and LN229
cells. Of note, in a cell line derived from endometrial adeno-
carcinoma, E2 increased GPER mRNA levels. Furthermore,
the ERa agonist, PPT, induced the same response as E2;
this effect was not observed with the ERB-specific agonist,
DPN (55), suggesting that the regulation of GPER expression
by E2 is ERa-dependent. The role of E2 in the progression
of GBs has been previously reported by the authors. In 2012,
Gonzalez-Arenas et al revealed (3) that E2 treatment increased
the proliferation of human glioblastoma-derived cell lines.
Interestingly, when specific agonists were used for both ER
subtypes, only the ERa agonist (PP2) increased prolifera-
tion. More recently, Herndndez-Vega et al (6) reported that
E2 promoted epithelial-mesenchymal transition through
changes in cell morphology and expression of EMT markers
(vimentin and N-cadherin). When the ERa agonist was used,
the same effects were observed as those induced by the E2
treatment. However, the ERf} agonist did not promote any
events associated with EMT. Notably, in ovarian cancer cells
(BG-1), GPER and ERa have been reported to co-operate in
order to induce proliferation (15). A possible interaction of
these receptors to mediate pro-oncogenic actions of E2 in
GB could also occur.

As regards the regulation of GPER expression, Fan et al
determined that E2 at a concentration of 10 and 100 nM
increased the GPER content in chondrocyte-derived
cells (56) and different colorectal (HCT116, HT-29 and
Caco?2) and breast cancer cell lines (triple-negative breast
cancer: HCC1806, HCC1937, MDA-MB-231), E2 10 nM
increased GPER content (57,58). Subsequently, this condition
was evaluated and a wider range of E2 concentrations was
analyzed. Aside from this, E2 has diverse effects on the GB
depending on its concentration (3,5). It is worth noting that
in the experiments performed during the present study, E2
100 nM, did not increase GPER protein content. Our model
presents a different cellular context than the one reported by
Fan et al; it has been previously observed that the activity
of GPER, as an atypical GPCR, can vary depending on the
species, tissue, and cellular context (59,60). Thus, further
studies are required for the definition of the exact E2 range
concentrations that may affect GPER content. Moreover, the
activation or inhibition of endocytosis after ligand binding
and activation to avoid excess cell signaling (52), interaction
with other membrane proteins such as clathrin or arrestin (61),
or possible receptor dimerization as a desensitization mecha-
nism (62,63), may have an impact on GPER content. Whether
E2 may induce some of these cellular processes affecting
GPER expression in GB cells, excluding the transcriptional
regulation suggested by the presence of the EREs in the
GPER promoter, remains to be fully elucidated.

Finally, a GPER-ligand interaction through molecular
docking was performed. Three models of the GPER struc-
ture were obtained based on two bovine rhodopsin templates
(1F88 and 1HZX) and one human GPCR template (6LFL).
The analysis predicted that E2 or G1 binding occurs in
an extracellular region in 1F88 and 1HZX models and in
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a transmembrane region in the 6LFL model. According
to thelF88 model, E2 and GI1 binding sites share ALA22,
ALA23, SER28, PRO36, GLY39 and THR40 residues,
suggesting that both ligands may have the same binding site.
Similarly, model 1HZX suggested that the binding site for
the ligands shares the region comprising HIS300, HIS302,
and PRO303 residues. In the human GPCR-based model,
there was no overlap in the amino acids involved in E2 or G1
binding, suggesting that E2 and G1 exert different functions
when interacting with this receptor. In addition, the highest
binding energies for E2 and G1 were detected in the human
GPCR-based model (6LFL), suggesting that this is the most
realistic model. In this regard, Grande et al (64) reported that
the interaction of G1 and E2 with GPER occurs in an intracel-
lular region. However, a molecular docking for deciphering
the GPER agonist interactions reported that a ligand could be
recognized at different binding sites depending on the used
structural GPER conformation (65). Variations in structural
templates have repercussions on the docking modeling, espe-
cially on the first 50 residues of the N-terminal present in
the extracellular region and are prone to acquire disordered
conformations when modeled by computational methods.
Thus, in order to obtain definitive and consistent results of
molecular docking of GPER and its ligands, further refine-
ment of the GPER modeling and the resolution of the GPER
crystallographic structure is required.

In conclusion, in the present study, the expression of GPER
in human astrocytoma (U251) and glioblastoma tumor cell
lines (U87, LN229 and T98) at the mRNA and protein level
was reported, which was localized in the plasma membrane,
cytoplasm, and nucleus. In addition, by performing in silico
analysis, the presence of two EREs in the promoter region of
the GPER gene was described. Interestingly, it was revealed
that E2 increased the expression of this receptor at the protein
level in human GB-derived cells. Furthermore, by molecular
modeling studies, potential three-dimensional structures of
GPER were obtained, and by docking analysis, the potential
binding sites for their ligands, E2, and its specific agonist
G1, were identified. The present study provides the basis for
further investigating the role of E2 actions mediated by GPER
in GB, which will outline the integrative view of E2 broad
actions in GB. Studying the GPER-mediated E2 signaling
consequences in GB could contribute to the design of new
pharmacological therapies that target specific pro-oncogenic
actions modulated by specific E2 subtype receptors.
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