
Citation: Gaxiola-Rubio, A.;

Jave-Suárez, L.F.; Hernández-Silva,

C.D.; Ramírez-de-Arellano, A.;

Villegas-Pineda, J.C.;

Lizárraga-Ledesma, M.d.J.;

Ramos-Solano, M.; Diaz-Palomera,

C.D.; Pereira-Suárez, A.L. The

G-Protein-Coupled Estrogen Receptor

Agonist G-1 Mediates Antitumor

Effects by Activating Apoptosis

Pathways and Regulating Migration

and Invasion in Cervical Cancer Cells.

Cancers 2024, 16, 3292. https://

doi.org/10.3390/cancers16193292

Academic Editors: Seth A. Wander

and Todd W. Miller

Received: 28 August 2024

Revised: 20 September 2024

Accepted: 24 September 2024

Published: 27 September 2024

Copyright: © 2024 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

cancers

Article

The G-Protein-Coupled Estrogen Receptor Agonist G-1 Mediates
Antitumor Effects by Activating Apoptosis Pathways and
Regulating Migration and Invasion in Cervical Cancer Cells
Abigail Gaxiola-Rubio 1 , Luis Felipe Jave-Suárez 2,* , Christian David Hernández-Silva 3 ,
Adrián Ramírez-de-Arellano 1 , Julio César Villegas-Pineda 3 , Marisa de Jesús Lizárraga-Ledesma 3,
Moisés Ramos-Solano 3 , Carlos Daniel Diaz-Palomera 1 and Ana Laura Pereira-Suárez 1,3,*

1 Instituto de Investigación en Ciencias Biomédicas, Centro Universitario de Ciencias de la Salud, Universidad
de Guadalajara, Guadalajara 44340, Mexico; abigail.gaxiola2327@alumnos.udg.mx (A.G.-R.);
adrian.ramirez@academicos.udg.mx (A.R.-d.-A.)

2 División de Inmunología, Centro de Investigación Biomédica de Occidente (CIBO), Instituto Mexicano del
Seguro Social (IMSS), Guadalajara 44340, Mexico

3 Departamento de Microbiología y Patología, Centro Universitario de Ciencias de la Salud, Universidad de
Guadalajara, Guadalajara 44340, Mexico; christian.hernandez@academicos.udg.mx (C.D.H.-S.);
julio.villegas@academicos.udg.mx (J.C.V.-P.); marisa.lizarraga@alumnos.udg.mx (M.d.J.L.-L.);
moises.ramos@academicos.udg.mx (M.R.-S.)

* Correspondence: luis.jave@academicos.udg.mx (L.F.J.-S.); ana.pereira@academicos.udg.mx (A.L.P.-S.)

Simple Summary: The role of the GPER in cancer is controversial due to its dual anti and protumor
effects. Elevated GPER expression in cervical cancer has been associated with improved survival
outcomes. In cervical cancer cell lines, the selective GPER agonist G-1 induces cell cycle arrest and
apoptosis, although the precise molecular mechanisms behind these effects are not fully understood.
This study explores the impact of GPER activation by G-1 on the transcriptome, cell migration, and
invasion in SiHa cells, as well as in non-tumorigenic keratinocytes transduced with HPV16 E6 or E7
oncogenes. G-1 has been shown to exert antitumor effects by activating apoptotic pathways and mod-
ulating migration and invasion processes. The findings support the GPER as a promising prognostic
marker and suggest that G-1 could be a valuable therapeutic tool for treating cervical cancer.

Abstract: Background/Objectives: Estrogens and HPV are necessary for cervical cancer (CC) devel-
opment. The levels of the G protein-coupled estrogen receptor (GPER) increase as CC progresses,
and HPV oncoproteins promote GPER expression. The role of this receptor is controversial due to its
anti- and pro-tumor effects. This study aimed to determine the effect of GPER activation, using its
agonist G-1, on the transcriptome, cell migration, and invasion in SiHa cells and non-tumorigenic
keratinocytes transduced with the HPV16 E6 or E7 oncogenes. Methods: Transcriptome analy-
sis was performed to identify G-1-enriched pathways in SiHa cells. We evaluated cell migration,
invasion, and the expression of associated proteins in SiHa, HaCaT-16E6, and HaCaT-16E7 cells
using various assays. Results: Transcriptome analysis revealed pathways associated with prolif-
eration/apoptosis (TNF-α signaling, UV radiation response, mitotic spindle formation, G2/M cell
cycle, UPR, and IL-6/JAK/STAT), cellular metabolism (oxidative phosphorylation), and cell migra-
tion (angiogenesis, EMT, and TGF-α signaling) in SiHa cells. Key differentially expressed genes
included PTGS2 (pro/antitumor), FOSL1, TNFRSF9, IL1B, DIO2, and PHLDA1 (antitumor), along
with under-expressed genes with pro-tumor effects that may inhibit proliferation. Additionally,
DKK1 overexpression suggested inhibition of cell migration. G-1 increased vimentin expression
in SiHa cells and reduced it in HaCaT-16E6 and HaCaT-16E7 cells. However, G-1 did not affect
α-SMA expression or cell migration in any of the cell lines but increased invasion in HaCaT-16E7
cells. Conclusions: GPER is a promising prognostic marker due to its ability to activate apoptosis and
inhibit proliferation without promoting migration/invasion in CC cells. G-1 could potentially be a
tool in the treatment of this neoplasia.
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1. Introduction

Cervical cancer (CC) stands as one of the most widespread malignancies globally.
Each year, over 660,000 women are diagnosed with cervical cancer, which causes more than
348,000 deaths [1]. Its primary causative factor lies in persistent infection with high-risk
human papillomavirus types [2]. However, additional factors contributing to carcinogene-
sis, including estrogens and their receptors [3], also play crucial roles. The interaction of
these elements regulates viral oncogene expression [4], the tumor microenvironment [5],
cell proliferation, and metabolic changes [6,7], all of which contribute to CC development
and progression.

Epidemiological evidence suggests that female hormones, such as estrogen, play a
role in the development of HPV-associated cervical cancer [8]. Consistently, estrogen has
been shown to be required for cervical cancer development in transgenic mice expressing
HPV E6 and E7 oncoproteins. When estrogen levels are reduced, disease progression slows,
and partial regression occurs [9]. The presence of estrogens within the cervical microenvi-
ronment has been associated with the upregulation of HPV-encoded viral oncoproteins E6
and E7. This upregulation subsequently leads to an increase in the expression of estrogen
receptors [4]. Estrogens exert their effects through specific receptors, primarily nuclear
estrogen receptors α and β (ERα and ERβ), as well as the G protein-coupled estrogen
receptor (GPER) [10]. Additionally, the estrogen receptor α (ERα) plays a crucial role in
cellular transformation and oncogenesis in CC [11].

The GPER, also known as GPR30, has emerged as a critical player in estrogen signaling,
exerting its actions through rapid non-genomic pathways and traditional genomic mecha-
nisms [12,13]. The GPER exhibits diverse cellular localization patterns, adding complexity
to its functional roles in physiological and pathological contexts. Traditionally recognized
as a membrane-bound receptor, the GPER at the plasma membrane functions as a classical
G protein-coupled receptor (GPCR), mediating rapid, non-genomic signaling cascades
upon ligand binding. These cascades play a crucial role in initiating downstream signaling
events that regulate cellular processes, such as proliferation, migration, and survival [14].
Additionally, the GPER has been identified within the endoplasmic reticulum, where it may
modulate calcium homeostasis and ER stress responses [15,16], thereby influencing cellular
functions beyond the canonical GPCR signaling pathways. Furthermore, evidence supports
the GPER’s nuclear localization, where it may function as a transcriptional regulator by
directly modulating gene expression. This contributes to the regulation of diverse biological
processes, including cell cycle progression and differentiation [13].

Elevated levels of the GPER have been observed in cervical cancer (CC), and these
levels increase as the disease progresses [17]. Exceptionally high GPER expression in the
early stages of the disease is linked to positive clinical outcomes and improved survival
rates [18]. Moreover, a synthetic selective agonist called G-1, which targets the GPER in
cancer-derived cell lines expressing the GPER, inhibits proliferation and mitochondrial
membrane potential. This leads to cell cycle arrest and apoptosis [17,19]. However, there is
no evidence of the GPER’s involvement in inducing migration and invasion events. The
mechanisms underlying GPER-mediated effects in CC remain incompletely understood,
with evidence suggesting both antitumoral and protumoral roles, depending on various
contextual factors [20].

The intricate involvement of the GPER in CC pathogenesis underscores its potential as
a novel therapeutic target for the management of this malignancy. A deeper understanding
of the complex interplay between estrogen signaling, viral factors, and host cellular re-
sponses holds promise for developing targeted therapies aimed at disrupting key molecular
pathways driving CC progression.
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Hence, this study aims to elucidate the impact of GPER activation via its specific
agonist G-1 on the transcriptomic profile and functional behaviors, including cell migration
and invasion, in SiHa cells and non-tumorigenic keratinocytes transduced with the HPV16
E6 or E7 oncogenes. The goal is to understand the molecular mechanisms underlying
GPER-mediated effects in CC.

2. Materials and Methods
2.1. Cell Culture

The cervical cancer cell line (SiHa) was obtained from the American Type Culture
Collection (ATCC, Manassas, VA, USA), and non-tumorigenic human keratinocytes (Ha-
CaT) cell lines transduced with E6 or E7 oncogenes, with pLVX as a control, were used.
Cells were cultured in Dulbecco’s Modified Eagle Medium (DMEM GlutaMAX, Cat. No.
10566016, Gibco, Miami, FL, USA) supplemented with 10% FBS (Cat. No. 26140-079, Gibco),
penicillin (10,000 U/mL), streptomycin (10,000 µg/mL), and amphotericin B (25 µg/mL)
(Cat. No. 15240062, Gibco). Cells were incubated in a water-jacketed incubator at 37 ◦C
under an atmosphere of 95% air and 5% CO2 in the culture medium until they reached
80% confluence.

2.2. HaCaT Cells Transduced with E6 or E7 from HPV-16

HaCaT cell lines transduced with E6 and E7 oncogenes, as well as the pLVX control,
underwent cloning via endpoint PCR to amplify the E6 and E7 open reading frames (ORFs)
from genomic DNA samples derived from biopsies of patients infected with HPV-16. The
following primer sets were employed: HPV 16-E6, forward: 5′ CAG ACA TTT TAT GCA
CCA AA 3′, and reverse: 5′ CTC CAT GCA TGA TTA CAG C 3′; HPV 16-E7, forward:
5′ TAG AGA AAC CCA GCT GTA ATC A 3′, and reverse: 5′ AGG ATC AGC CAT GGT
AGA TTA T. Each of the amplified products was individually cloned into a pGEM-T Easy
cloning vector and then used to transform TOP10 Chemically Competent E. coli via heat
shock. The transformed bacteria were selected, followed by restriction analysis with EcoRI.
The oncoprotein genomes were sequenced and verified against the reference sequences
in GenBank (HPV 16, accession no. K02718; https://www.ncbi.nlm.nih.gov/genbank/,
accessed on 17 August 2023), revealing only a single substitution in HPV 16 E6, as described
in sequence AF402678 (268T > G). Finally, the ORFs of the oncogenes were subcloned into a
pLVX-Puro lentiviral expression vector.

Lenti-X 293T cells were used to produce infectious viral particles for HaCat cell
infection via the Lenti-X Lentiviral Expression system. These cells were transfected inde-
pendently with the pLVX-Puro empty vector, pLVX-HPV16E6, or pLVX-HPV16E7 vectors
using the Lenti-X HTX Packaging system. Forty-eight hours after transfection, supernatants
containing infectious viral particles were collected, and the presence of viral particles was
confirmed using Lenti-X GoStix. HaCaT cells were individually infected with 100 µL of
each viral supernatant, and the transduced cells were selected using 1 µg/mL puromycin.
E6 and E7 expression levels in HaCaT cells were quantified via a reverse transcription-
quantitative PCR (RT-qPCR) using the same primers employed for cloning. RNA extraction
was carried out using an RNeasy Plus Mini kit following the manufacturer’s protocol, after
which the RT-qPCR procedure was performed. To demonstrate the expression of the E6
and E7 oncogenes, we analyzed by RNA-seq data as shown in Figure S1.

2.3. Stimuli

G-1 (Cat. No. 10,008,933 Cayman Chemical, Ann Arbor, MI, USA) was prepared
using dimethyl sulfoxide (DMSO, Cat. No. D8418-100ML, Sigma, Burlington, MA, USA)
according to the manufacturer’s guidelines and added at a concentration of 1 µM. DMSO
was used as a vehicle control.

https://www.ncbi.nlm.nih.gov/genbank/


Cancers 2024, 16, 3292 4 of 15

2.4. RNA Extraction

Cells were stimulated with G-1 and incubated for 4 h. The total RNA was extracted
from SiHa and HaCaT-16E7 cells using the RNeasy Plus Mini kit (Cat. No. 74136, Qiagen,
Inc., Venlo, The Netherlands), according to the manufacturer’s instructions. RNA was
quantified by measuring the absorbance at 260/280 nm.

2.5. RNA-Seq

Next-generation RNA sequencing was performed with the Nova Seq 6000 Illumina
platform managed by Novogene Bioinformatics Technology Co., Ltd. (Beijing, China).
Samples were preserved and sent in RNAstable (Cat. No. 93221-001, Biomatrica, San Diego,
CA, USA). The collected data were analyzed using Rstudio (Version 4.2.1) and Galaxy
(Version 23.1) open-source platforms. The quality of the sequencing data (FASTQ files) was
assessed using FASTQC (Version 0.12.1). Afterward, alignment to the Homo sapiens genome
(Version 42) (GRCh38.p13) was performed using the Subjunc aligner from the Rsubread
package (Version 3.19). BAM files underwent processing using featureCounts (Version
2.0.2). Read counts were normalized to FPKM (fragments per kilobase of exon per million
mapped fragments) using the DESeq2 tool (Version 1.40.2).

2.6. Gene Set Enrichment Analysis

The data obtained from the DESeq2 tool were used to create two matrices. An initial
matrix, generated in a tab-delimited text file, contained the normalized expression data
in FPKM. Simultaneously, the second matrix, created as a cls file, contained phenotype
identifications. Both matrices were loaded into the GSEA software (version 4.2.3). The
“Hallmark” gene set database (h.all.v2023.2.Hs.symbols.gmt) was selected, along with the
Chip Platform option (Human_Ensembl_Gene_ID_MSigDB.v2023.2.Hs.chip). Gene set
permutation was chosen as the permutation type, and the “ratio of classes” parameter was
selected for gene ranking configuration. To identify significantly enriched pathways, a
threshold of FDR < 0.25 was used for pathway selection.

2.7. Immunofluorescence

To determine the expression of EMT-associated proteins, 20,000 cells (HaCaT-pLVX,
HaCaT-16E6, HaCaT-16E7, and SiHa) were seeded onto 8-cell slides and cultured for 24 h.
The medium was then replaced with a serum-free medium containing the G-1 stimulus,
and the cells were incubated for an additional 24 h. Afterward, the cells were rinsed with
PBS and fixed with 4% paraformaldehyde at room temperature for 10 min. Following
fixation, the cells were permeabilized in PBS containing 0.2% Tween 20 (Cat. No. P1379-
500ML) for 10 min at 37 ◦C. Subsequently, a blocking step was performed using PBS
containing 10% FBS (Cat. No. 26140-079) and 1% BSA (Cat. No. A2153-50G) for 1 h at
37 ◦C. The antibodies employed were Vimentin (Cat. No. RV202; 1:500 dilution) and
α-SMA (Cat. No. ab7817; 1:500 dilution). The primary antibody was incubated overnight,
followed by a 2 h incubation with the anti-mouse (FITC, ab6785; 1:1000 dilution) secondary
antibody. The nuclei were subsequently stained with DAPI (1:15,000) for 5 min, protected
from light. Slides were examined using an Axio Imager 2 fluorescence microscope (Carl
Zeiss, Göttingen, Germany), with specific filters, including Alexa Fluor (excitation: 495 nm,
emission: 519 nm) and DAPI (excitation: 351 nm, emission: 461 nm). For the analysis, at
least 5 different fields per sample were observed.
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2.8. Migration and Invasion Assays

Migration and invasion assays were conducted using a 6-well Transwell system (Cat.
No. 3428, Corning, NY, USA) with an 8 µm pore size filter. Cells (HaCaT-pLVX, HaCaT-
16E6, HaCaT-16E7, and SiHa) were detached with trypsin 24 h after G-1 stimulation. For
the migration assay, 50,000 cells were seeded in the upper chamber in 1 mL of serum-
free medium, while 1.5 mL of medium supplemented with 10% FBS was added to the
lower chamber as a chemoattractant. After 24 h of incubation at 37 ◦C, cells remaining
on the upper surface of the membrane were removed with a cotton swab. The cells were
then fixed with 4% formaldehyde (No. Cat. 47608, Sigma, USA) and stained with 4.5%
methylene blue (No. Cat. 03978, Sigma, USA). Cells that migrated through the filter were
visualized using an inverted microscope. For the analysis, a minimum of 5 fields were
observed per sample.

The procedure for the invasion assay was similar, except that the Transwell inserts
were pre-coated with 800 µL of matrigel (1:3 dilution, Cat. No. 356234, Corning, NY, USA)
per well for 1 h before 100,000 cells were seeded onto the membrane.

2.9. Statistics

Statistical analysis was performed using the GraphPad Prism 8.0.2. All experiments
were performed with at least two independent replicates, and the normal distribution of
the data was assessed. Group differences were calculated using paired Student’s t-tests or
Wilconx tests. A p-value < 0.05 was considered statistically significant.

3. Results
3.1. G-1 Induces Transcription of Genes and Enrichment of Pathways Associated with Proliferation,
Apoptosis, Metabolism, and Metastasis in the SiHa Cell Line

Next-generation mRNA sequencing was conducted to explore the molecular mech-
anisms induced by GPER activation via its agonist, G-1, in the SiHa cervical cancer cell
line. Differential gene expression analysis was performed using the selection criteria of
−2 ≤ Log2 (fold change) ≥ 2 and a p-value < 0.05, revealing overexpressed and under-
expressed genes (Figure 1a). To identify the pathways modulated by G-1, an enrichment
analysis was performed using the Hallmark gene collection from the version 4.2.3 of the
GSEA software, with an FDR q value < 0.25 used for confident selection of regulated
pathways. The pathways modulated by G-1 involve multiple processes, including pro-
liferation and apoptosis (TNFα signaling pathways via NFκB, response to UV radiation,
mitotic spindle formation, cell cycle arrest in G2/M, response to misfolded proteins, protein
secretion, and IL-6/JAK/STAT3). Additionally, processes related to metabolism (oxidative
phosphorylation) and metastasis (angiogenesis, epithelial-mesenchymal transition, and
TGFβ signaling) were also affected (Figure 1b).

To identify the genes involved in the molecular mechanisms related to the pathways
mentioned above, the differentially expressed genes (DEGs) were ranked by fold change
and displayed in a heat map. These genes were then classified based on their association
with proliferation and cell migration functions. These genes were then further categorized
based on their protumor, antitumor, protumor/antitumor, or unknown roles in cancer
(Figure 1c). The gene with the highest expression, PTGS2, codes for the cyclooxygenase-
2 protein (COX-2) which is classified as both protumor and antitumor. Furthermore,
numerous genes are associated with cell proliferation. Notably, about half of these genes
may inhibit cell proliferation, including FOSL1, TNFRSF9, IL1B, DIO2, and PHLDA1, as
well as other downregulated genes with protumor effects.
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On the other hand, most of the genes involved in cell migration exhibit tumor-pro-
moting effects. Notably, DKK1 expression was increased, and this gene is known to inhibit 
the migratory capacity of cells. Interestingly, IQCN was found to be downregulated; how-
ever, no reports currently link this gene to cancer. 

3.2. G-1 Increases Vimentin Expression without Altering α-SMA Levels 
Since metastasis-associated pathways were identified in the SiHa cell line, we evalu-
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Figure 1. The identification of differentially expressed genes and enriched pathways modulated
by G-1 in the SiHa cell line. (a) A volcano plot illustrating DEGs with fold changes of −2 or lower
and 2 or higher, and a p-value of less than 0.05. Red circles on the right indicate upregulated genes,
while red circles on the left indicate downregulated genes. (b) An enrichment analysis of the Broad
Institute’s Molecular Signature Database Hallmark gene collection was evaluated using the version
4.2.3 of the GSEA software. The left panel shows statistically significant pathway names and the
right panel shows the false discovery rate (FDR) and normalized enrichment score (NES) values.
The numbers in the bar graph indicate the number of enriched (blue) and non-enriched (pink) genes
within each pathway. An FDR < 0.25 was set as the selection criteria. (c) A heatmap of DEGs selected
by −2 ≤ Log2 ≥ 2 and a p-value < 0.05. The numbers on the left, shown in red and blue, represent
the fold change values. Red numbers indicate gene upregulation, while blue numbers signify gene
downregulation. Color coding indicates the detailed analysis of previous publications related to
each gene.

On the other hand, most of the genes involved in cell migration exhibit tumor-
promoting effects. Notably, DKK1 expression was increased, and this gene is known to
inhibit the migratory capacity of cells. Interestingly, IQCN was found to be downregulated;
however, no reports currently link this gene to cancer.

3.2. G-1 Increases Vimentin Expression without Altering α-SMA Levels

Since metastasis-associated pathways were identified in the SiHa cell line, we evalu-
ated the effect of the G-1 selective GPER agonist on the migratory and invasive capacities
of cervical cancer cells to corroborate the functional effects of GPER activation on these
processes. The expression of mesenchymal phenotype-associated proteins, vimentin, and
α-SMA was evaluated by immunofluorescence. Stimulation with G-1 increased vimentin
protein expression but had no effect on α-SMA expression (Figure 2a). G-1 stimulation did
not induce significant changes in migration and invasion capacity; however, it showed a
slight tendency to reduce these abilities (Figure 2c,d).
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Figure 2. The effect of GPER activation on the expression of (a) vimentin and (b) αSMA and the induc-
tion of (c) migration and (d) invasion in SiHa cell line. This was cultured and stimulated with 1 µM
of G-1 for 24 h. Immunofluorescence was performed using a secondary antibody conjugated to FITC
(green) and DAPI staining (blue). Merged images are presented at 40×. The migration/invasion as-
says were performed in transwell chambers. The results are shown as the mean ± SD (**** p ≤ 0.0001;
ns: not significant).

3.3. G-1 Modulates Vimentin and α-SMA Expression as Well as Invasion Processes
in Keratinocytes

Since the SiHa cell line expresses both E6 and E7 oncogenes, and previous work
from our research group has shown that E6 or E7 individually promote different GPER
expression patterns, we observed particularly higher nuclear expression of GPER in the
presence of E7 [4]. This suggests that E7 may play a significant role in modulating GPER
localization and potentially influencing genomic signaling, which could differ from the
non-genomic signaling induced when the GPER is activated at the plasma membrane by
its agonist, G-1. This underscores the importance of investigating the distinct roles of each
oncogene in the modulation of GPER expression and its related pathways.

We evaluated the effect of the G-1 selective GPER agonist on the migratory and
invasive capacities of keratinocytes (HaCaT-pLVX, HaCaT-16E6, and HaCaT-16E7). The
expression of mesenchymal phenotype-associated proteins, vimentin, and α-SMA was
evaluated by immunofluorescence. Stimulation with G-1 reduced the protein expression
of vimentin in keratinocytes transduced with the E6 or E7 oncogenes in contrast to non-
transfected cells (Figure 3a). Regarding α-SMA expression, G-1 did not induce significant
differences in HaCaT keratinocytes expressing oncogenes. However, a decrease in α-SMA
expression was observed in keratinocytes that were free of oncogenes (Figure 3b). Cell
migration and invasion potential were evaluated through a transwell chamber assay to
corroborate the functional effect of G-1. Stimulation with G-1 did not induce significant
changes in migration capacity in any of the cells (Figure 3c). However, the invasion capacity
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showed significant and distinct differences between these cells. G-1 induced higher invasion
in HaCaT-16E7 cells compared to HaCaT-16E6 cells (Figure 3d).
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3.4. G-1 Triggers Gene Transcription and Activates Pathways Associated with Proliferation,
Apoptosis, Metabolism, and Metastasis in the HaCaT-16E7 Cell Line

Since keratinocytes expressing the E7 oncogene exhibited increased migratory capacity
when stimulated with G-1, we deemed it crucial to gain a more comprehensive under-
standing of the mechanisms regulated by this treatment in the context of E7 expression.
Consequently, we performed next-generation mRNA sequencing to elucidate the molecular
pathways associated with GPER activation via its agonist, G-1. To identify differential
expression, we applied selection criteria of −2 ≤ Log2 ≥ 2 and a p-value < 0.05, resulting in
the identification of both downregulated and upregulated genes (Figure 4a). Fewer genes
with differential expression were observed compared to the SiHa cell line.
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Figure 4. Identification of differentially expressed genes by G-1 in HaCaT-16E7. (a) A volcano plot
illustrating DEGs with fold changes of −2 or lower and 2 or higher, and a p-value of less than 0.05. Red
circles on the right indicate upregulated genes, while red circles on the left indicate downregulated
genes. (b) An enrichment analysis of the Broad Institute’s Molecular Signature Database Hallmark
gene collection was evaluated using the version 4.2.3 of the GSEA software. The left panel shows
statistically significant pathway names and the right panel shows the false discovery rate (FDR)
and normalized enrichment score (NES) values. The numbers in the bar graph indicate the number
of enriched (blue) and non-enriched (pink) genes within each pathway. An FDR < 0.25 was set as
the selection criteria. (c) A heatmap of DEGs selected by −2 ≤ Log2 ≥ 2 and a p-value < 0.05. The
numbers on the left, shown in red and blue, represent the fold change values. Red numbers indicate
gene upregulation, while blue numbers signify gene downregulation. Color coding indicates the
detailed analysis of previous publications related to each gene.

Using the same analysis strategy applied to the SiHa cells, we used this approach to
analyze pathway enrichment in the HaCaT-E7 cell line. Similar to the SiHa cells, GPER
activation in HaCaT-E7 cells led to the enrichment of TNFα signaling pathways via NFκB,
the UV radiation response, mitotic spindle formation, and cell cycle arrest in G2/M. It also
enriched pathways related to the response to misfolded proteins, oxidative phosphoryla-
tion, protein secretion, IL-6/JAK/STAT3 signaling, angiogenesis, epithelial-mesenchymal
transition, and TGFβ signaling. Additionally, in HaCaT-E7 cells, G-1 enriched pathways
were strongly associated with cell death mechanisms, including ROS generation, P53
activation, DNA repair, and apoptosis (Figure 4b).

We presented a heatmap illustrating the DEGs categorized by processes such as
proliferation, cell migration, and metabolic functions (Figure 4c). These DEGs were further
classified based on their cancer-related effects as protumor, antitumor, protumor/antitumor,
or unknown (Figure 4c). In the HaCaT-16E7 cell line, genes with protumoral effects were
predominantly observed. Four genes related to cell proliferation were classified, with
IGFBP3 classified as antitumor and DUSP10 as protumor/antitumor. Conversely, most
DEGs associated with migration exhibited protumoral effects, although DKK1 and the low
expression of COL20A1 may negatively regulate this process. Additionally, genes involved
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in cell metabolism were identified, with ABCA1 potentially having both protumoral and
antitumoral functions. Notably, as in SiHa cells, DKK1 also showed elevated expression,
which could inhibit cell migration. Interestingly, the downregulated expression of IQCN
was observed in both cell lines. We selected the genes IL6, EREG, DKK1, and PDK4, and
validated their expression using qPCR as shown in Figure S2.

4. Discussion

The effects of estrogen exposure on hormone-dependent tumor progression are widely
documented. However, their precise role in cancer is complex due to the numerous
receptors and cofactors with which they may interact. The mechanism by which estrogen
contributes to cancer is unclear. Estrogen acts as a direct carcinogen and, therefore, may
contribute to the initiation of lesions [21]. Additionally, estrogen is a known mitogen
that could promote tumor growth [22]. Estrogens can also affect the efficiency of viral
gene expression in HPV infections [23]. Estrogen not only initiates but also sustains and
promotes the malignant progression of cervical cancer, according to a study conducted on
an HPV transgenic mouse model [9]. Therefore, HPV and estrogens are essential factors for
the development of cervical cancer. Estradiol has been observed to increase the expression
of the E6 and E7 oncogenes of HPV 16 and 18 in cervical uterine cancer cells. These
oncogenes, when present in non-tumorigenic keratinocytes, promote a significant increase
in GPER protein expression [4].

The role of the GPER-driven signaling pathway, one of the most recently described
estrogen receptors, in neoplasms is controversial due to its activation having both anti and
protumorigenic effects. Therefore, the involvement of the GPER in the development and
progression of cancer is still a subject of research and debate. Another critical finding sug-
gesting the strong involvement of the GPER in cervical cancer is its strong overexpression
in tumor tissue biopsies, compared to premalignant lesions (CIN I-III) and non-tumorous
cervical tissue [17]. Additionally, increased GPER expression correlates with p16 and p53,
and this is associated with improved survival and recurrence-free survival in early-stage
cervical cancer [18]. This suggests a potential role for the GPER as a tumor suppressor
in this disease; however, more information about GPER signaling pathway activation is
needed to fully understand its effects on tumor progression.

In this study, to elucidate the molecular mechanisms induced by selective GPER
activation through G-1, we analyzed the transcriptome of the SiHa cell line derived from
cervical squamous cell carcinoma, which accounts for approximately 80% of cervical cancer
cases, and of a non-tumorigenic keratinocyte cell line transduced with the E7 oncogene of
HPV 16 to simulate an early lesion of this neoplasm.

The pathways enriched by G-1 stimulation in both cell lines modulate cell proliferation,
apoptosis, cell migration, and metabolism. It is important to note that in SiHa cells, we
identified more differentially expressed genes that can promote or inhibit cell proliferation
than in HaCaT-16E7 cells. This finding is consistent with other studies reporting that GPER
activation inhibits proliferation in cervical cancer (CC) [17,19].

The gene with the highest expression in SiHa is PTGS2, which codes for the
cyclooxygenase-2 protein (COX-2) involved in tumor progression. In cervical cancer,
however, a close relationship exists between p53 and COX-2 activation in the induction
of apoptosis, mediated by ERK1/2 [24]. Importantly, the mechanism by which GPER
can inhibit cervical cancer cell proliferation in vitro involves sustained activation of the
ERK1/2 pathway through EGFR [19]. Similarly, COX-2 expression and ERK1/2 activation
in ovarian cancer are essential in p53-dependent apoptosis [25]. Another gene differentially
expressed by G-1 in SiHa is FOSL1. It has been shown not only to repress cervical cancer
cell proliferation but also to promote apoptosis and induce S-phase cell cycle arrest. Ad-
ditionally, it contributes to inhibiting the Warburg effect through STAT1 upregulation of
p53 signaling [26]. Similarly, the PHLDA1 gene is upregulated in SiHa, and p53 expression
has been observed to lead to the apoptosis of HeLa cells [27]. Another DEG is IL6, which
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potentiates TNF-α or TRAIL-dependent apoptosis by upregulating death receptors DR-4
and DR-5 through p53 activation in various cancers [28].

It is well known that GPER activation induces the release of calcium ions, serving as
ubiquitous second messengers in cellular communication. The subsequent rise in cytosolic
Ca2+ concentration initiates a cascade of downstream signaling events, modulating various
cellular processes [29]. Continuous abnormal elevation of intracellular calcium concentra-
tions could suppress cell proliferation and the initiation of apoptosis [30]. In G-1-stimulated
MCF-7 breast cancer cells, calcium released into the cytosol activates the misfolded protein
response (UPR), which is predominantly cell-death oriented, involving the phosphorylation
of pERK and the subsequent activation of the JNK kinase, directly inducing apoptosis [16].
In cervical cancer cells, endoplasmic reticulum stress increases the UPR response and leads
to tumor cell death through simultaneous autophagy induction by activating the NF-κB
pathway [31]. GPER activation by G-1 induces cell cycle arrest in the G2/M phase through
the upregulation of cyclin B [19]. As mentioned above, this agrees with our results, as the
response to misfolded proteins, the NF-KB pathway, and G2/M phase cell cycle arrest
were G-1-enriched pathways in SiHa and HaCaT-16E7 cells. We observed G-1-induced
overexpression of the DIO2 gene in SIHA cells. It has also been reported that in papillary
thyroid carcinoma cells, the elevated expression of this gene decreases cell cycle proteins,
favoring G2/M phase arrest and reducing proliferative capacity [32].

Conversely, it is widely recognized that oncogenic HPVs exert a significant influence
on gene expression to perpetuate tumor progression. HPVs have been documented to
inhibit the expression of the tumor suppressor gene DKK1, which hinders cisplatin-induced
apoptosis, leading to the survival of HPV-positive cancer cells [33]. We found increased
expression of this gene in G-1-stimulated HaCaT-16E7 and SiHa cell lines, suggesting
that DKK1 reactivation could direct neoplastic cells toward cell death. It is relevant to
note that in both cell lines, DKK1 exhibits elevated expression, which may inhibit cell
migration. Interestingly, the downregulated expression of IQCN was observed in both cell
lines; however, to date, no reports link this gene to cancer. Its function as a microtubule
stabilizer, however, has been established [34]. All these results confirm that the GPER
signaling pathway is essential for reducing cell proliferation and inducing apoptosis,
providing evidence to consider the GPER as a tumor suppressor and G-1 as a potential
therapeutic agent.

While we have provided evidence for an antitumor effect of the GPER, it has also been
documented that estrogen/GPER signaling causes genomic instability by inducing double-
strand breaks, which can lead to carcinogenesis in high-risk HPV-infected endocervical
columnar cell lines [35]. We found that in HaCaT-16E7, G-1 induces pathways associated
with DNA repair, p53 pathway activation, and apoptosis, suggesting that these DNA breaks
may reflect the induction of cell death mediated by GPER-enriched pathways. Treatment
with G-1 has shown the potential to induce apoptosis in certain cell lines via the p53
pathway. However, apoptosis induction through this pathway is ineffective in the HaCaT
cell line, which harbors mutations in the TP53 gene. The mutations in p53 in HaCaT
result in the loss of its normal tumor suppressor function, preventing the activation of
p53-dependent apoptotic mechanisms [36]. In the HaCaT cell line, G-1 does not induce
apoptosis because the TP53 gene is mutated, which blocks the p53-dependent apoptosis
pathway. Therefore, in other cell lines with functional TP53, G-1 could induce apoptosis
through p53 activation [17]. These results confirm that the ability of G-1 to induce apoptosis
is closely linked to the functionality of the p53 pathway.

Another important point is that G-1 can act independently of the GPER by binding
to tubulin at the colchicine binding site, which destabilizes microtubule dynamics dur-
ing mitosis in endothelial cells [37], ovarian cancer [38], breast cancer [39], and T-lineage
leukemia [40]. This action leads to the induction of apoptosis and the inhibition of tu-
mor growth.

As mentioned, oncogenic HPVs regulate protumoral processes through their onco-
genes, leading to the progression to metastasis. The E7 oncogene has been observed to
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stimulate cell invasion by increasing MMP-9 expression, resulting in extracellular matrix
degradation and cell invasion [41]. Furthermore, in cervical adenocarcinoma, estrogen
signaling through the GPER promotes claudin-1 production, contributing to cytoskeleton
remodeling and enhancing malignant capabilities in cervical adenocarcinoma cells [42,43].
GPER knockdown increased the formation and number of filopodia in HeLa cells [44]. This
suggests that GPER knockdown may promote features favoring tumor progression, such
as cell migration and invasion, by increasing filopodia activity, cell membrane extensions
involved in cell motility, and interaction with the extracellular environment. Importantly,
our data show that G-1 enhances invasiveness only in E7-transduced keratinocytes, a
phenomenon not observed in SiHa tumor cells. This observation could be explained by the
fact that GPER expression levels are low in cervical intraepithelial neoplasia compared to
cancer tissue [17], suggesting that the antitumor regulation mediated by the GPER may be
less effective in these contexts.

Another way to assess the invasive capacity of tumor cells is by measuring vimentin
expression. However, an increase in this intermediate filament has been reported in sit-
uations of oxidative stress and mitochondrial damage associated with apoptosis [45]. In
cervical cancer, G-1 decreases mitochondrial membrane potential and increases apopto-
sis [17]. In line with this evidence, our results indicate that in SiHa cells, G-1 increases
vimentin protein expression. However, the absence of changes in migrating and invading
cell numbers reflects the induction of cellular stress and, consequently, apoptosis.

5. Conclusions

Our findings highlight that GPER activation by G-1 plays a vital role in tumor suppres-
sion and suggest G-1 as a potential therapeutic agent in cancer treatment. We also found
that G-1 can affect cell invasiveness in E7-transduced cells, which could be related to GPER
expression levels at different disease stages. Additionally, G-1 has been shown to directly
affect microtubule dynamics, contributing to its ability to induce apoptosis and suppress
tumor growth. These results suggest a broad therapeutic potential for G-1 in several types
of cancer, independent of its interaction with the GPER. In summary, our findings provide
new insights into the mechanisms of action of the GPER and the therapeutic potential of
G-1 in cancer treatment. However, further investigation is needed to fully understand the
magnitude of these effects and their therapeutic viability in cervical cancer.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/cancers16193292/s1, Figure S1. Comparison of reads per kilobase
per million mapped reads (RPKM). Figure S2. Identification of differentially expressed genes by G-1.

Author Contributions: Conceptualization, A.G.-R. and A.L.P.-S.; methodology A.G.-R., L.F.J.-S.,
M.d.J.L.-L. and C.D.H.-S.; software, A.G.-R. and L.F.J.-S.; validation, A.G.-R. and A.L.P.-S.; formal
analysis, A.G.-R.; investigation, A.G.-R. and A.L.P.-S.; resources, A.L.P.-S.; data curation, A.L.P.-S.;
writing—original draft preparation, A.G.-R.; writing—review and editing, C.D.H.-S., A.R.-d.-A.,
J.C.V.-P., C.D.D.-P., M.R.-S. and A.L.P.-S.; visualization, A.G.-R., L.F.J.-S. and A.L.P.-S.; supervision,
A.L.P.-S.; project administration, A.L.P.-S.; funding acquisition, A.L.P.-S. All authors have read and
agreed to the published version of the manuscript.

Funding: This research was funded by the Jalisco Scientific Development Fund to Address Social
Challenges “FODECIJAL 2022” (Project code #10209-2022).

Institutional Review Board Statement: The study was conducted in accordance with the Declaration
of Helsinki and approved by the Institutional Review Board and the Ethics Committee of the Mexican
Institute of Social Security (National Committee of Scientific Research) protocol number: R-2021-1305-
011, date 18 October 2021.

Informed Consent Statement: Not applicable.

Data Availability Statement: The datasets used and/or analyzed during the current study are
available from the corresponding authors upon reasonable request.

https://www.mdpi.com/article/10.3390/cancers16193292/s1
https://www.mdpi.com/article/10.3390/cancers16193292/s1


Cancers 2024, 16, 3292 13 of 15

Acknowledgments: The authors would like to thank CONAHCYT for the scholarship of Abigail
Gaxiola Rubio CVU number (1096900).

Conflicts of Interest: The authors declare no conflicts of interest.

References
1. American Cancer Society. Cancer Facts & Figures 2024; American Cancer Society: Atlanta, GA, USA, 2024.
2. Walboomers, J.M.M.; Jacobs, M.V.; Manos, M.M.; Bosch, F.X.; Kummer, J.A.; Shah, K.V.; Snijders, P.J.F.; Peto, J.; Meijer, C.J.L.M.;

Muñoz, N. Human Papillomavirus Is a Necessary Cause of Invasive Cervical Cancer Worldwide. J. Pathol. 1999, 189, 12–19.
[CrossRef]

3. Smith, J.S.; Green, J.; De Gonzalez, A.B.; Appleby, P.; Peto, J.; Plummer, M.; Franceschi, S.; Beral, V. Cervical Cancer and Use of
Hormonal Contraceptives: A Systematic Review. Lancet 2003, 361, 1159–1167. [CrossRef] [PubMed]

4. Ramírez-López, I.G.; Ramírez De Arellano, A.; Jave-Suárez, L.F.; Hernández-Silva, C.D.; García-Chagollan, M.; Hernández-Bello,
J.; Lopez-Pulido, E.I.; Macias-Barragan, J.; Montoya-Buelna, M.; Muñoz-Valle, J.F.; et al. Interaction between 17β-Estradiol,
Prolactin and Human Papillomavirus Induce E6/E7 Transcript and Modulate the Expression and Localization of Hormonal
Receptors. Cancer Cell Int. 2019, 19, 227. [CrossRef] [PubMed]

5. Spurgeon, M.E.; Den Boon, J.A.; Horswill, M.; Barthakur, S.; Forouzan, O.; Rader, J.S.; Beebe, D.J.; Roopra, A.; Ahlquist, P.;
Lambert, P.F. Human Papillomavirus Oncogenes Reprogram the Cervical Cancer Microenvironment Independently of and
Synergistically with Estrogen. Proc. Natl. Acad. Sci. USA 2017, 114, E9076–E9085. [CrossRef]

6. Auborn, K.J.; Woodworth, C.; Dipaolo, J.A.; Bradlow, H.L. The Interaction between HPV Infection and Estrogen Metabolism in
Cervical Carcinogenesis. Int. J. Cancer 1991, 49, 867–869. [CrossRef]

7. Riera Leal, A.; Ortiz-Lazareno, P.C.; Jave-Suárez, L.F.; Ramírez De Arellano, A.; Aguilar-Lemarroy, A.; Ortiz-García, Y.M.;
Barrón-Gallardo, C.A.; Solís-Martínez, R.; Luquin De Anda, S.; Muñoz-Valle, J.F.; et al. 17β-estradiol-induced Mitochondrial
Dysfunction and Warburg Effect in Cervical Cancer Cells Allow Cell Survival under Metabolic Stress. Int. J. Oncol. 2019, 56, 33–46.
[CrossRef]

8. Rinaldi, S.; Plummer, M.; Biessy, C.; Castellsagué, X.; Overvad, K.; Krüger Kjær, S.; Tjønneland, A.; Clavel-Chapelon, F.; Chabbert-
Buffet, N.; Mesrine, S.; et al. Endogenous Sex Steroids and Risk of Cervical Carcinoma: Results from the EPIC Study. Cancer
Epidemiol. Biomark. Prev. 2011, 20, 2532–2540. [CrossRef] [PubMed]

9. Brake, T.; Lambert, P.F. Estrogen Contributes to the Onset, Persistence, and Malignant Progression of Cervical Cancer in a Human
Papillomavirus-Transgenic Mouse Model. Proc. Natl. Acad. Sci. USA 2005, 102, 2490–2495. [CrossRef]

10. Chen, P.; Li, B.; Ou-Yang, L. Role of Estrogen Receptors in Health and Disease. Front. Endocrinol. 2022, 13, 839005. [CrossRef]
[PubMed]

11. Chung, S.-H.; Wiedmeyer, K.; Shai, A.; Korach, K.S.; Lambert, P.F. Requirement for Estrogen Receptor α in a Mouse Model for
Human Papillomavirus–Associated Cervical Cancer. Cancer Res. 2008, 68, 9928–9934. [CrossRef]

12. Filardo, E.J.; Quinn, J.A.; Bland, K.I.; Frackelton, A.R. Estrogen-Induced Activation of Erk-1 and Erk-2 Requires the G Protein-
Coupled Receptor Homolog, GPR30, and Occurs via Trans-Activation of the Epidermal Growth Factor Receptor through Release
of HB-EGF. Mol. Endocrinol. 2000, 14, 1649–1660. [CrossRef] [PubMed]

13. Pupo, M.; Vivacqua, A.; Perrotta, I.; Pisano, A.; Aquila, S.; Abonante, S.; Gasperi-Campani, A.; Pezzi, V.; Maggiolini, M. The
Nuclear Localization Signal Is Required for Nuclear GPER Translocation and Function in Breast Cancer-Associated Fibroblasts
(CAFs). Mol. Cell. Endocrinol. 2013, 376, 23–32. [CrossRef] [PubMed]

14. Thomas, P.; Pang, Y.; Filardo, E.J.; Dong, J. Identity of an Estrogen Membrane Receptor Coupled to a G Protein in Human Breast
Cancer Cells. Endocrinology 2005, 146, 624–632. [CrossRef]

15. Revankar, C.M.; Cimino, D.F.; Sklar, L.A.; Arterburn, J.B.; Prossnitz, E.R. A Transmembrane Intracellular Estrogen Receptor
Mediates Rapid Cell Signaling. Science 2005, 307, 1625–1630. [CrossRef] [PubMed]

16. Vo, D.-K.H.; Hartig, R.; Weinert, S.; Haybaeck, J.; Nass, N. G-Protein-Coupled Estrogen Receptor (GPER)-Specific Agonist G1
Induces ER Stress Leading to Cell Death in MCF-7 Cells. Biomolecules 2019, 9, 503. [CrossRef] [PubMed]

17. Hernandez-Silva, C.D.H.; Leal, A.R.; Ortiz-Lazareno, P.C.; Suárez, L.F.J.; De Arellano, A.R.; Lopez-Pulido, E.I.; Barragan, J.G.M.;
Buelna, M.M.; Rodríguez, J.R.D.; Chabay, P.; et al. GPER Overexpression in Cervical Cancer Versus Premalignant Lesions: Its
Activation Induces Different Forms of Cell Death. Anticancer Agents Med. Chem. 2019, 19, 783–791. [CrossRef]

18. Friese, K.; Kost, B.; Vattai, A.; Marmé, F.; Kuhn, C.; Mahner, S.; Dannecker, C.; Jeschke, U.; Heublein, S. The G Protein-Coupled
Estrogen Receptor (GPER/GPR30) May Serve as a Prognostic Marker in Early-Stage Cervical Cancer. J. Cancer Res. Clin. Oncol.
2018, 144, 13–19. [CrossRef]

19. Zhang, Q.; Wu, Y.; Zhang, Y.; Ji, X.; Hao, Q. Activation of G -protein Coupled Estrogen Receptor Inhibits the Proliferation of
Cervical Cancer Cells via Sustained Activation of ERK1/2. Cell Biochem. Funct. 2015, 33, 134–142. [CrossRef]

20. Hernández-Silva, C.D.; Villegas-Pineda, J.C.; Pereira-Suárez, A.L. Expression and Role of the G Protein-Coupled Estrogen
Receptor (GPR30/GPER) in the Development and Immune Response in Female Reproductive Cancers. Front. Endocrinol. 2020, 11,
544. [CrossRef]

21. Yager, J.D.; Davidson, N.E. Estrogen Carcinogenesis in Breast Cancer. N. Engl. J. Med. 2006, 354, 270–282. [CrossRef]

https://doi.org/10.1002/(SICI)1096-9896(199909)189:1%3C12::AID-PATH431%3E3.0.CO;2-F
https://doi.org/10.1016/S0140-6736(03)12949-2
https://www.ncbi.nlm.nih.gov/pubmed/12686037
https://doi.org/10.1186/s12935-019-0935-6
https://www.ncbi.nlm.nih.gov/pubmed/31507337
https://doi.org/10.1073/pnas.1712018114
https://doi.org/10.1002/ijc.2910490611
https://doi.org/10.3892/ijo.2019.4912
https://doi.org/10.1158/1055-9965.EPI-11-0753
https://www.ncbi.nlm.nih.gov/pubmed/21994406
https://doi.org/10.1073/pnas.0409883102
https://doi.org/10.3389/fendo.2022.839005
https://www.ncbi.nlm.nih.gov/pubmed/36060947
https://doi.org/10.1158/0008-5472.CAN-08-2051
https://doi.org/10.1210/mend.14.10.0532
https://www.ncbi.nlm.nih.gov/pubmed/11043579
https://doi.org/10.1016/j.mce.2013.05.023
https://www.ncbi.nlm.nih.gov/pubmed/23748028
https://doi.org/10.1210/en.2004-1064
https://doi.org/10.1126/science.1106943
https://www.ncbi.nlm.nih.gov/pubmed/15705806
https://doi.org/10.3390/biom9090503
https://www.ncbi.nlm.nih.gov/pubmed/31540491
https://doi.org/10.2174/1871520619666190206171509
https://doi.org/10.1007/s00432-017-2510-7
https://doi.org/10.1002/cbf.3097
https://doi.org/10.3389/fendo.2020.00544
https://doi.org/10.1056/NEJMra050776


Cancers 2024, 16, 3292 14 of 15

22. Gaben, A.-M.; Saucier, C.; Bedin, M.; Redeuilh, G.; Mester, J. Mitogenic Activity of Estrogens in Human Breast Cancer Cells Does
Not Rely on Direct Induction of Mitogen-Activated Protein Kinase/Extracellularly Regulated Kinase or Phosphatidylinositol
3-Kinase. Mol. Endocrinol. 2004, 18, 2700–2713. [CrossRef] [PubMed]

23. Kim, C.J.; Um, S.J.; Kim, T.Y.; Kim, E.J.; Park, T.C.; Kim, S.J.; Namkoong, S.E.; Park, J.S. Regulation of Cell Growth and HPV Genes
by Exogenous Estrogen in Cervical Cancer Cells. Int. J. Gynecol. Cancer 2000, 10, 157–164. [CrossRef] [PubMed]

24. Di Fonte, R.; Strippoli, S.; Garofoli, M.; Cormio, G.; Serratì, S.; Loizzi, V.; Fasano, R.; Arezzo, F.; Volpicella, M.; Derakhshani, A.;
et al. Cervical Cancer Benefits from Trabectedin Combination with the β-Blocker Propranolol: In Vitro and Ex Vivo Evaluations
in Patient-Derived Organoids. Front. Cell Dev. Biol. 2023, 11, 1178316. [CrossRef] [PubMed]

25. Lin, H.; Delmas, D.; Vang, O.; Hsieh, T.; Lin, S.; Cheng, G.; Chiang, H.; Chen, C.E.; Tang, H.; Crawford, D.R.; et al. Mechanisms
of Ceramide-induced COX-2-dependent Apoptosis in Human Ovarian Cancer OVCAR-3 Cells Partially Overlapped with
Resveratrol. J. Cell. Biochem. 2013, 114, 1940–1954. [CrossRef] [PubMed]

26. Zhang, M.; Liang, L.; He, J.; He, Z.; Yue, C.; Jin, X.; Gao, M.; Xiao, S.; Zhou, Y. Fra-1 Inhibits Cell Growth and the Warburg
Effect in Cervical Cancer Cells via STAT1 Regulation of the P53 Signaling Pathway. Front. Cell Dev. Biol. 2020, 8, 579629.
[CrossRef]

27. Song, X.; Zhou, L.; Yang, W.; Li, X.; Ma, J.; Qi, K.; Liang, R.; Li, M.; Xie, L.; Su, T.; et al. PHLDA1 Is a P53 Target Gene Involved in
P53-Mediated Cell Apoptosis. Mol. Cell. Biochem. 2024, 479, 653–664. [CrossRef]

28. Sano, E.; Kazaana, A.; Tadakuma, H.; Takei, T.; Yoshimura, S.; Hanashima, Y.; Ozawa, Y.; Yoshino, A.; Suzuki, Y.; Ueda, T.
Interleukin-6 Sensitizes TNF-α and TRAIL/Apo2L Dependent Cell Death through Upregulation of Death Receptors in Human
Cancer Cells. Biochim. Biophys. Acta BBA Mol. Cell Res. 2021, 1868, 119037. [CrossRef]

29. Prossnitz, E.R.; Barton, M. The G Protein-Coupled Oestrogen Receptor GPER in Health and Disease: An Update. Nat. Rev.
Endocrinol. 2023, 19, 407–424. [CrossRef]

30. Ariazi, E.A.; Brailoiu, E.; Yerrum, S.; Shupp, H.A.; Slifker, M.J.; Cunliffe, H.E.; Black, M.A.; Donato, A.L.; Arterburn, J.B.; Oprea,
T.I.; et al. The G Protein–Coupled Receptor GPR30 Inhibits Proliferation of Estrogen Receptor–Positive Breast Cancer Cells. Cancer
Res. 2010, 70, 1184–1194. [CrossRef]

31. Zhu, X.; Huang, L.; Gong, J.; Shi, C.; Wang, Z.; Ye, B.; Xuan, A.; He, X.; Long, D.; Zhu, X.; et al. NF-κB Pathway Link with ER
Stress-Induced Autophagy and Apoptosis in Cervical Tumor Cells. Cell Death Discov. 2017, 3, 17059. [CrossRef]

32. Lu, D.-N.; Zhang, W.-C.; Lin, Y.-Z.; Jiang, H.-Y.; He, R.; Li, S.-L.; Zhang, Y.-N.; Shao, C.-Y.; Zheng, C.-M.; Xu, J.-J.; et al. Single-
Cell and Bulk RNA Sequencing Reveal Heterogeneity and Diagnostic Markers in Papillary Thyroid Carcinoma Lymph-Node
Metastasis. J. Endocrinol. Investig. 2023, 47, 1513–1530. [CrossRef] [PubMed]

33. Frensemeier, K.; Holzer, A.; Hoppe-Seyler, K.; Hoppe-Seyler, F. Dickkopf-1 Expression Is Repressed by Oncogenic Human
Papillomaviruses (HPVS) and Regulates the Cisplatin Sensitivity of HPV-positive Cancer Cells in a JNK-dependent Manner. Int.
J. Cancer 2022, 151, 2215–2228. [CrossRef] [PubMed]

34. Dai, J.; Li, Q.; Zhou, Q.; Zhang, S.; Chen, J.; Wang, Y.; Guo, J.; Gu, Y.; Gong, F.; Tan, Y.; et al. IQCN Disruption Causes Fertilization
Failure and Male Infertility Due to Manchette Assembly Defect. EMBO Mol. Med. 2022, 14, e16501. [CrossRef] [PubMed]

35. Ogawa, M.; Hashimoto, K.; Kitano, S.; Yamashita, S.; Toda, A.; Nakamura, K.; Kinose, Y.; Kodama, M.; Sawada, K.; Kimura,
T. Estrogen Induces Genomic Instability in High-Risk HPV-Infected Cervix and Promotes the Carcinogenesis of Cervical
Adenocarcinoma. Biochem. Biophys. Res. Commun. 2023, 659, 80–90. [CrossRef]

36. Lehman, T.A.; Modali, R.; Boukamp, P.; Stanek, J.; Bennett, W.P.; Welsh, J.A.; Metcalf, R.A.; Stampfer, M.R.; Fusenig, N.; Rogan,
E.M.; et al. P53 Mutations in Human Immortalized Epithelial Cell Lines. Carcinogenesis 1993, 14, 833–839. [CrossRef]

37. Holm, A.; Grände, P.-O.; Ludueña, R.F.; Olde, B.; Prasad, V.; Leeb-Lundberg, L.M.F.; Nilsson, B.-O. The G Protein-Coupled
Oestrogen Receptor 1 Agonist G-1 Disrupts Endothelial Cell Microtubule Structure in a Receptor-Independent Manner. Mol. Cell.
Biochem. 2012, 366, 239–249. [CrossRef]

38. Wang, C.; Lv, X.; He, C.; Hua, G.; Tsai, M.-Y.; Davis, J.S. The G-Protein-Coupled Estrogen Receptor Agonist G-1 Suppresses
Proliferation of Ovarian Cancer Cells by Blocking Tubulin Polymerization. Cell Death Dis. 2013, 4, e869. [CrossRef]

39. Lv, X.; He, C.; Huang, C.; Hua, G.; Wang, Z.; Remmenga, S.W.; Rodabough, K.J.; Karpf, A.R.; Dong, J.; Davis, J.S.; et al. G-1
Inhibits Breast Cancer Cell Growth via Targeting Colchicine-Binding Site of Tubulin to Interfere with Microtubule Assembly. Mol.
Cancer Ther. 2017, 16, 1080–1091. [CrossRef]

40. Torres-López, L.; Olivas-Aguirre, M.; Villatoro-Gómez, K.; Dobrovinskaya, O. The G-Protein–Coupled Estrogen Receptor Agonist
G-1 Inhibits Proliferation and Causes Apoptosis in Leukemia Cell Lines of T Lineage. Front. Cell Dev. Biol. 2022, 10, 811479.
[CrossRef]

41. Cardeal, L.B.D.S.; Boccardo, E.; Termini, L.; Rabachini, T.; Andreoli, M.A.; Di Loreto, C.; Filho, A.L.; Villa, L.L.; Maria-Engler,
S.S. HPV16 Oncoproteins Induce MMPs/RECK-TIMP-2 Imbalance in Primary Keratinocytes: Possible Implications in Cervical
Carcinogenesis. PLoS ONE 2012, 7, e33585. [CrossRef]

42. Takasawa, K.; Takasawa, A.; Akimoto, T.; Magara, K.; Aoyama, T.; Kitajima, H.; Murakami, T.; Ono, Y.; Kyuno, D.; Suzuki, H.;
et al. Regulatory Roles of Claudin-1 in Cell Adhesion and Microvilli Formation. Biochem. Biophys. Res. Commun. 2021, 565, 36–42.
[CrossRef] [PubMed]

43. Akimoto, T.; Takasawa, A.; Takasawa, K.; Aoyama, T.; Murata, M.; Osanai, M.; Saito, T.; Sawada, N. Estrogen/GPR30 Signaling
Contributes to the Malignant Potentials of ER-Negative Cervical Adenocarcinoma via Regulation of Claudin-1 Expression.
Neoplasia 2018, 20, 1083–1093. [CrossRef] [PubMed]

https://doi.org/10.1210/me.2003-0133
https://www.ncbi.nlm.nih.gov/pubmed/15297603
https://doi.org/10.1046/j.1525-1438.2000.00016.x
https://www.ncbi.nlm.nih.gov/pubmed/11240668
https://doi.org/10.3389/fcell.2023.1178316
https://www.ncbi.nlm.nih.gov/pubmed/37384250
https://doi.org/10.1002/jcb.24539
https://www.ncbi.nlm.nih.gov/pubmed/23495037
https://doi.org/10.3389/fcell.2020.579629
https://doi.org/10.1007/s11010-023-04752-w
https://doi.org/10.1016/j.bbamcr.2021.119037
https://doi.org/10.1038/s41574-023-00822-7
https://doi.org/10.1158/0008-5472.CAN-09-3068
https://doi.org/10.1038/cddiscovery.2017.59
https://doi.org/10.1007/s40618-023-02262-6
https://www.ncbi.nlm.nih.gov/pubmed/38146045
https://doi.org/10.1002/ijc.34250
https://www.ncbi.nlm.nih.gov/pubmed/36094276
https://doi.org/10.15252/emmm.202216501
https://www.ncbi.nlm.nih.gov/pubmed/36321563
https://doi.org/10.1016/j.bbrc.2023.04.009
https://doi.org/10.1093/carcin/14.5.833
https://doi.org/10.1007/s11010-012-1301-3
https://doi.org/10.1038/cddis.2013.397
https://doi.org/10.1158/1535-7163.MCT-16-0626
https://doi.org/10.3389/fcell.2022.811479
https://doi.org/10.1371/journal.pone.0033585
https://doi.org/10.1016/j.bbrc.2021.05.070
https://www.ncbi.nlm.nih.gov/pubmed/34090208
https://doi.org/10.1016/j.neo.2018.08.010
https://www.ncbi.nlm.nih.gov/pubmed/30227306


Cancers 2024, 16, 3292 15 of 15

44. Ruckriegl, S.; Loris, J.; Wert, K.; Bauerschmitz, G.; Gallwas, J.; Gründker, C. Knockdown of G Protein-Coupled Estrogen Receptor
1 (GPER1) Enhances Tumor-Supportive Properties in Cervical Carcinoma Cells. Cancer Genom. Proteom. 2023, 20, 281–297.
[CrossRef] [PubMed]

45. Toivola, D.M.; Strnad, P.; Habtezion, A.; Omary, M.B. Intermediate Filaments Take the Heat as Stress Proteins. Trends Cell Biol.
2010, 20, 79–91. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.21873/cgp.20381
https://www.ncbi.nlm.nih.gov/pubmed/37093686
https://doi.org/10.1016/j.tcb.2009.11.004

	Introduction 
	Materials and Methods 
	Cell Culture 
	HaCaT Cells Transduced with E6 or E7 from HPV-16 
	Stimuli 
	RNA Extraction 
	RNA-Seq 
	Gene Set Enrichment Analysis 
	Immunofluorescence 
	Migration and Invasion Assays 
	Statistics 

	Results 
	G-1 Induces Transcription of Genes and Enrichment of Pathways Associated with Proliferation, Apoptosis, Metabolism, and Metastasis in the SiHa Cell Line 
	G-1 Increases Vimentin Expression without Altering -SMA Levels 
	G-1 Modulates Vimentin and -SMA Expression as Well as Invasion Processes in Keratinocytes 
	G-1 Triggers Gene Transcription and Activates Pathways Associated with Proliferation, Apoptosis, Metabolism, and Metastasis in the HaCaT-16E7 Cell Line 

	Discussion 
	Conclusions 
	References

