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Missense mutations of GPERI1 in breast invasive carcinoma:
Exploring gene expression, signal transduction and immune
cell infiltration with insights from cellular pharmacology
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Abstract. G protein-coupled estrogen receptor 1 (GPER1)
plays a crucial role in the progression of breast cancer and has
emerged as a promising therapeutic target. However, while
missense mutations in GPER1 have been detected in breast
invasive carcinoma (BIC) samples, the resulting molecular,
cellular and pharmacological changes remain unclear. The
present study categorized BIC samples from The Cancer
Genome Atlas database based on mutation information avail-
able in the cBioPortal database. Subsequently, survival analysis
was conducted and the samples screened for differentially
expressed genes (DEGs). Using these DEGs, the present study
performed Gene Ontology (GO), Kyoto Encyclopedia of Genes
and Genomes (KEGG) enrichment analyses, protein-protein
interaction network analysis and hub gene selection. After
assessing the prognostic value of hub genes, the immune cell
infiltration between mutant and wild-type (WT) groups was
analyzed. Finally, a luciferase reporter system was used to
assess the cyclic AMP (cAMP) production mediated by GPER1
following treatment with the agonist G-1 for each mutation.
The results revealed a significant decrease in progression-free
survival and disease-specific survival in the GPER1 mutant
group compared with the WT group. Gene expression analysis
identified 60 DEGs, all of which were upregulated and signifi-
cantly enriched in GO terms related to tumor progression,
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such as organic anion transport, glycosaminoglycan binding
and monoatomic ion-gated channel activity. DEGs were also
significantly enriched in the PI3K-Akt signaling pathway in
KEGG. Hub gene selection and prognostic evaluation identi-
fied three genes significantly associated with survival: IL33,
STAB2 and CFTR. Immune cell infiltration analysis revealed
a significant decrease in CD8 T cell content in the GPER1
mutant group compared with the WT group. Luciferase
reporter assays demonstrated that four missense mutations
in GPERI1 (L129M, E218Q, S235F and A345G) significantly
attenuated the induction of cyclic adenosine monophosphate
production mediated by its agonist. These findings provided
valuable insights for the design of breast cancer drugs targeting
GPERI1 and for precision medicine initiatives.

Introduction

Breast invasive carcinoma (BIC) refers to a type of breast
cancer where cancer cells invade the surrounding breast
tissue. It encompasses various subtypes such as invasive ductal
carcinoma (IDC) and invasive lobular carcinoma (ILC). IDC,
the most common type of breast cancer, originates in the milk
ducts and invades nearby breast tissue. On the other hand, ILC
is characterized by a single-cell infiltration pattern and loss
of cell cohesion (1,2). Studying BIC holds significant clinical
importance, as breast cancer not only stands as the most
commonly diagnosed malignant neoplasm but also ranks as
the second leading cause of cancer-related mortality among
women worldwide (3). Among breast cancers, BIC accounts
for ~80% of cases (4). BIC, particularly IDC, is associated with
malignant cells breaching basement membranes. This infiltra-
tion into surrounding breast tissues often leads to a poorer
prognosis (2). Additionally, BIC can present with unique char-
acteristics such as lymphovascular invasion, nodal metastasis
and lymphatic invasion, which can affect disease progression
and treatment outcomes (1,5).

G protein-coupled estrogen receptor 1 (GPER1) plays
a pivotal role in breast cancers, including BIC. Research
conducted by Yang et al (6) underscored the involvement
of GPERI activation in estrogen-induced proliferation and
endocrine resistance in breast cancer cells. Furthermore,
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studies have identified that GPERI1 stabilizes MORC?2 via the
PRKACA-CMA pathway, leading to amplified proliferation of
breast cancer cells (6-8). Additionally, GPER1 has been linked
to the metastatic behavior of triple-negative breast carcinoma
cells, influencing the response to selective ERf} agonists and
the sensitivity to tamoxifen (9). While some studies have
reported a connection between GPER1 expression and poor
postoperative outcomes in non-small cell lung cancer (10,11),
its prognostic implications in breast cancer patients remain a
topic of debate (12).

GPERI1 can signal through Ga,, Ga,, and GBy subunits,
as well as through B-arrestin, to modulate different signaling
cascades (13). Through the Ga, subunit, GPER1 can elevate
intracellular cyclic AMP (cAMP) levels, while via Ga,,, it
can activate the extracellular signal-regulated kinase (ERK)
pathway and the phosphatidylinositol 3-kinase/protein kinase
B (PI3K/Akt) pathway (14,15).

As a G-protein coupled receptor (GPCR), GPERI1 is
located on the cell membrane and is considered a promising
drug target for the treatment of various diseases. However, its
multifunctionality has led to controversy within the academic
community on whether to agonize or antagonize this target.
Whnuk et al (16) propose that blocking or antagonizing GPER1
signaling could have a beneficial impact on the treatment
of estrogen receptor-positive breast cancer. Conversely,
Morelli et al (17) discovered that treating Waldenstrom
Macroglobulinemia cell lines with the GPER 1-selective agonist
G-1 could activate the TP53 pathway, halt the G,/M cell cycle
and induce apoptosis. These findings were also confirmed
in mouse models. This research offers valuable insights into
using GPERI as a therapeutic target for addressing other
human malignancies.

While GPERI presents itself as a promising drug target,
it is crucial to consider the effect of amino acid mutations
on its ligand binding and signal transduction capabilities.
Researches have shown that mutations in GPCRs can either
weaken or enhance their efficacy as drug targets. For
instance, the F282L mutation in the (2-adrenergic receptor
has been found to weaken information flow compared with
the wild type, leading to alterations in signal transmission
pathways (18). In studies on the melanocortin-4 receptor,
Tao (19) categorized the effects of GPCR mutations, particu-
larly missense mutations, into five types: Defective protein
production, intracellular retention, defective binding, defective
signaling and unknown defect. In the case of GPERI, there are
only sporadic reports on the physiological effects of its muta-
tions. For example, Pupo et al (20) observed that mutations
in the N-linked glycosylation site of GPER1 can result in its
localization to the nucleus, where it functions as a transcrip-
tion factor. However, Tutzauer et al (21) found that mutations
do not affect the expression levels of GPERI. Overall, our
understanding of GPER1 mutations remains limited and the
cellular and physiological effects of these mutations remain
to be elucidated. This limitation presents a challenge in using
GPERI1 as a target for BIC treatment, particularly in the context
of precision medicine, where the same drug may elicit greatly
different effects in patients with different genotypes.

To address these knowledge gaps and explore the implica-
tions of GPER1 mutations in BIC, the present study used the
resources of The Cancer Genome Atlas (TCGA) database to

categorize BIC samples based on GPER1 missense mutations
and non-mutation status. The present study first screened for
differentially expressed genes (DEGs) between the two groups.
The identified DEGs were then subjected to gene ontology
(GO), Kyoto Encyclopedia of Genes and Genomes (KEGG)
enrichment analyses and protein-protein interaction (PPI)
network analysis. Based on the PPI network, the present study
further screened for hub genes and evaluated their prognostic
value. Additionally, it analyzed the immune cell infiltration
profiles between the mutation and wild-type (WT) groups.
Finally, using mutation data from the cBioPortal website,
eukaryotic expression vectors were constructed for the mutant
and WT GPERI proteins, and their pharmacological proper-
ties were examined in cell-based functional assays.

Materials and methods

Chemicals, reagents and plasmids. The highly selective
agonist G-1 of GPERI1 (purity =98%) was obtained from
Tocris (cat. no. 3577; Tocris Bioscience). Dulbecco's modified
Eagle's medium (DMEM) and other cell culture reagents were
purchased from Thermo Fisher Scientific, Inc. As G-1 is not
soluble in water, it was first dissolved in a 10% DMSO solution
to establish a stock solution with a concentration of 1 mM.
Prior to use, the stock solution was diluted to the working
concentration using a serum-free DMEM medium.

The luciferase assay kit was obtained from Beyotime
Institute of Biotechnology. Additionally, the fluorescent lucif-
erase reporter plasmid pGL4.29 containing the cAMP response
element (CRE) was purchased from Promega Corporation.

The Coding Sequence (CDS) of WT human GPER1 was
obtained from NCBI (accession no. NM_001505.3), while the
sequences of four missense mutations (L129M, E218Q, S235F
and A354G) were sourced from the cBioPortal database
(https://www.cbioportal.org; accessed on 22 October 2023).
The WT and mutant GPER1 CDS were both synthesized by
Beijing Augct DNA-Syn Biotechnology Co., Ltd. and cloned
into the pcDNA3.1 (+) vector (Thermo Fisher Scientific, Inc.).

RNA sequencing data. RNA-seq data for BIC were obtained
from TCGA database (namely TCGA-BRCA dataset;
https://portal.gdc.cancer.gov; accessed on 22 October 2023),
which was downloaded through UCSC Xena (https://xena.
ucsc.edu; accessed on 22 October 2023).

The genetic mutation information and survival status of
these BIC samples were accessed via cBioPortal (https:/www.
cbioportal.org; accessed on 22 October 2023). Samples from
four studies were included in the mutation and survival anal-
ysis: TCGA Cell 2015 (818 samples), TCGA Firehose Legacy
(1,108 samples), TCGA Nature 2012 (825 samples) and TCGA
PanCancer Atlas (1084 samples).

Identification of DEGs. Based on the user's guide, the
edgeR package (version 4.0.16; https://bioconductor.
org/packages/edgeR/) in R software (version 4.3.2;
http://www.R-project.org/) (22) was used to identify DEGs
between WT and mutant GPER1 in patients with BIC (23).
The threshold for DEGs selection was set at log2 Ifold
change (FC)l =2 and P<0.05. The heatmap and volcano plot
of DEGs were generated using the pheatmap (version 1.0.12;
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https://CRAN.R-project.org/package=pheatmap) and ggplot2
(version 3.5.1; https://CRAN.R-project.org/package=ggplot2)
packages in the R programming platform.

Enrichment analyses of DEGs. GO and KEGG analyses were
performed using the clusterProfiler package in R to identify
the categories and signaling pathways enriched for each
gene cluster. To address the issue of a high false discovery
rate (FDR) resulting from multiple comparisons, g values
were calculated. An FDR-adjusted g<0.25 and P<0.05 were
considered statistically significant.

PPI and hub gene screening. To obtain the PPI network and
hub genes associated with GPER1 in BIC, the DEGs were
entered into the search tool for the retrieval of interacting genes
(STRING) database (https://cn.string-db.org/) for analysis with
a confidence score >0.4. Subsequently, the network generated
by STRING was imported into Cytoscape 3.7.2 (24) for visu-
alization. The cytoHubba plugin was used to filter key protein
modules and after calculation with 12 algorithms, the top 10
genes with the highest scores were selected as hub genes.

Analysis of immune cell infiltration. CIBERSORT, a decon-
volution algorithm, was used to assess the proportions of 22
immune lymphocyte in various BIC tumor samples (25). The
results obtained were further used to compare the levels of
immune cell infiltration between WT and mutant GPER1
patients. The number of permutations was set to 1,000, where
P<0.05 serves as the criterion for successful computation in
each sample.

Cell culture. The 293T cells were obtained from Beyotime
Biotechnology (cat. no. C6008, Shanghai, China) and cultured
in DMEM containing 10% fetal bovine serum, in a humidified
atmosphere with 5% CO, at 37°C. Upon purchase, all cells
underwent mycoplasma testing and the results were negative.
Cell line authentication was conducted using short tandem
repeat (STR) analysis, which confirmed that the purchased cell
line was 293T.

The cells were plated in 6-well plates and cultured for
24 h prior to assays. The Countess 3 cell counter (Invitrogen;
Thermo Fisher Scientific, Inc.) was used for cell counting.

Detection of intracellular cAMP levels using a luciferase
reporter. The effect of WT and mutant GPER1 on intracellular
cAMP accumulation was assessed using a luciferase reporter
assay that had been previously established (26). Specifically,
500 ng pcDNA3.1 (+) vectors carrying the WT GPERI1 and four
mutant variants (designated as pGPER1-WT, pGPER1-L129M,
pGPERI1-E218Q, pGPER1-S235F and pGPER1-A354G) were
respectively mixed with 1,000 ng pGL4.29 vector (Promega
Corporation) and 300 ng pEGFP-N1 (serving as an internal
control for transfection efficiency and normalization in
luciferase assays) and then transfected into 293T cells using
polyethyleneimine transfection reagent (Shanghai Fushen
Biotechnology Co., Ltd.).

Following transfection, the cells were cultured in the orig-
inal medium for 24 h at 37°C, then transferred to 48-well plates
and allowed to grow for an additional 24 h to reach a density
of 2x10° cells per well. Subsequently, the agonist G-1 (Tocris
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Bioscience), diluted in serum-free DMEM medium, was added
to the cells in the 48-well plates and incubated for 6 h.

After treatment, the cells were lysed and a substrate was
added to induce luminescence using a Firefly Luciferase
Reporter Gene Assay Kit (cat. no. RG006) obtained from
Beyotime Biotechnology. The luminescence signal was
detected using a Tecan M200 microplate reader (Tecan
Group, Ltd.) to determine the relative luciferase activity in
each well. According to a previous study, enhanced green
fluorescent protein (EGFP) was used as an internal control to
normalize the bioluminescent signal of the luciferase reporter
pGL4.29 (27). The fluorescence of EGFP was detected under
excitation/emission wavelengths of 488/507 nm. Firefly lucif-
erase values were divided by the EGFP fluorescence values to
assess normalized reporter gene activity. Each agonist concen-
tration was tested in triplicate independent experiments and
the data were presented as mean + standard error of the mean.

Statistical analyses. The statistical analyses were performed
using R software (version 4.3.2; http://www.R-project.
org/) (22) and GraphPad Prism 7.0 (Dotmatics). The compar-
ison of gene expression between GPER1 wild-type and mutant
patients with BIC was conducted using the Mann-Whitney U
test. The differences in immune cell proportion between the
GPERI1 wild-type and mutant groups were evaluated using the
Mann-Whitney U test. Kaplan-Meier method with log-rank test
was employed for survival analysis. The luciferase activities
after agonist treatment in cells were converted into fold change
relative to the control group (DMEM serum-free medium) and
fitted to a dose-response curve using a nonlinear regression
analysis. For the half-maximal effective concentration (ECs)
and maximum response concentration (R,,,,) of the wild-type
and mutant groups, the Kruskal-Wallis test was performed
with Dunn's post hoc analysis. P<0.05 was considered to
indicate a statistically significant difference.

Results

Survival analyses and GPERI expression. The cBioPortal
online survival analysis tool used data from four studies
sourced from TCGA, encompassing a total of 3,835 samples
from 3,827 patients. Among these, 29 patients lacked muta-
tion data, 3,743 patients had no mutations in GPER1 and
55 patients had mutations in GPER1. The findings suggested
that, although no noteworthy disparities were observed in
overall survival (OS) and disease-free survival (DFS) between
the GPER1 WT and mutant cohorts, there were notable vari-
ances in progression-free survival (PFS) and disease-specific
survival (DSS) outcomes across the two groups. The mutant
group showed significantly reduced PFS and DSS compared
with the non-mutant group (P<0.05; Fig. 1B-E).

As for the mRNA expression levels of GPERI in the WT
and mutant groups, RNAseq samples obtained from the UCSC
Xena were analyzed. Out of the 1,126 samples downloaded,
normal adjacent samples and those with missing clinical
data and duplicates were excluded, resulting in a final dataset
of 1,098 samples. Among these, 5 samples had missense
mutations according to cBioPortal. The results showed no
significant difference in GPER1 mRNA expression between
the WT and mutant groups (Fig. 1A).
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Figure 1. Comparison of mRNA expression and survival between WT and mutated GPER1 in patients with BIC. (A) mRNA expression of GPERI in tissues
of patients with BIC with WT and mutated GPER1. The analyzed samples were obtained from a filtered set of 1,098 samples downloaded from UCSC Xena.
(B-E) Kaplan-Meier survival analysis of patients with GPER1 mutations. The analyzed samples were sourced from four studies on cBioPortal: TCGA Cell
2015 (818 samples), TCGA Firehose Legacy (1,108 samples), TCGA Nature 2012 (825 samples) and TCGA PanCancer Atlas (1,084 samples). WT, wild type;
GPERI, G protein-coupled estrogen receptor 1; BIC, breast invasive carcinoma; TCGA, The Cancer Genome Atlas.

Identification of DEGs. The identification of DEGs was also
conducted using the 1,098 samples obtained from the UCSC
Xena. The analysis, performed with the edgeR package in R,
identified 60 DEGs meeting the criteria of log, Ifold change
(FO)I 22 and P<0.05, all of which exhibited upregulation
(Table SI). The volcano plot and heatmap illustrating the
DEGs are presented in Fig. 2.

GO and KEGG enrichment analyses. Using the clusterProfiler
package in R software, GO analysis of the 60 DEGs revealed
significant enrichment patterns. Specifically, in terms of
Biological Process (BP), the DEGs were primarily enriched
in organic anion transport. For Molecular Function (MF),
the DEGs showed enrichment in glycosaminoglycan binding,
monoatomic ion gated channel activity and gated channel
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Figure 2. Volcano plot and heatmap of differentially expressed genes. (A) The volcano plot shows the results of gene expression analysis on BIC tumor samples
in the TCGA database, categorized by GPER1 missense mutation. Red dots indicate upregulated genes, while black dots represent non-differentially expressed
genes. (B) The heatmap displays 20 upregulated and 20 downregulated genes, with red indicating upregulation and green indicating downregulation. TCGA,
The Cancer Genome Atlas; GPER1, G protein-coupled estrogen receptor 1.

activity. Regarding Cellular Component (CC), the DEGs were The KEGG analysis of the DEGs using the clusterProfiler
predominantly enriched in the external side of the plasma  package revealed significant enrichment in the PI3K-Akt
membrane (Fig. 3). signaling pathway, with subsequent enrichment observed in
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Figure 3. GO enrichment of differentially expressed genes. GO, Gene Ontology; BP, biological process; CC, cellular component; MF, molecular function.

ABC transporters, Peroxisome, ECM-receptor interaction and
Bile secretion pathways (Fig. 4).

PPI network and hub genes. The protein-protein interaction
network of DEGs obtained using the STRING online tool is
shown in Fig. 5A. This network was further analyzed using the
cytoHubba plugin in Cytoscape software with 12 algorithms to
calculate the top 10 hub genes. Each algorithm yielded the same
result, identifying 1L.33 and LYVEI as the highest-scoring
genes, followed by CFTR and STAB2 and finally FGF7, HBD,
SLC4A1, TNFSF15, ABCBS, ITGB6 (Fig. 5B; Table SII).

Prognostic values of the hub genes. Kaplan-Meier survival
analysis, employing the log-rank test, demonstrated that out of
the 10 hub genes examined, only IL33 and STAB2 displayed

significant survival disparities between the high and low
expression cohorts (P<0.05). Additionally, CFTR, another hub
gene, exhibited a nearly significant difference in expression
between the two groups (P=0.059; Fig. 6).

GPERI mutation-related immune cell infiltration. The
analysis of tumor immune cell infiltration based on the
CIBERSORT algorithm revealed that the proportions of
various immune cells in each sample (Fig. 7A) and found that
the content of CD8 T cells in the GPER1 mutation group was
significantly lower than that in the WT group (P<0.05; Fig. 7C).
Furthermore, the correlation matrix of immune cells showed
that the content of memory resting CD4 T cells and CD8 T
cells was negatively correlated with MO macrophages, while
naive B cells and Plasma cells exhibited a positive correlation.
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Figure 4. Kyoto Encyclopedia of Genes and Genomes enrichment analysis of differentially expressed genes.

Similarly, gamma and delta T cells and M1 macrophages also  the agonist G-1, activating intracellular adenylyl cyclase and

showed a certain degree of positive correlation (Fig. 7B).

facilitating the production of the canonical second messenger
cAMP (14). To investigate the effect of missense mutations

Signaling properties of the GPERI mutants. As a cell on the signal transduction of GPERI, a luciferase reporter
membrane surface receptor, GPER1 is capable of binding with ~ system was used with CRE in cells transfected with WT and
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mutant GPER1 vectors for analysis. The findings revealed
that in comparison with the WT receptor, the response to
the agonist G-1 were significantly attenuated in all the four
missense mutations, as evidenced by a notable increase in their
EC50 values (P<0.05) or undetectable responses (L129M and
A345G) (Fig. 8; Table I). In terms of the response intensity,
three mutants (E218Q, S235F and A345G) displayed a reduc-
tion in maximal response (R,,,,<100%), while one mutant
(L129M) exhibited an enhancement in maximal response
(R,,0:>100%; Table 1).

Discussion

Previous studies have demonstrated that GPERI can influ-
ence the proliferation, metastasis and drug sensitivity of
breast cancer cells (6,9); However, whether mutations in this
receptor, especially missense mutations, will cause a series
of cellular and pharmacological changes similar to those
observed in other GPCRs and thereby affect the regulation of
tumor-related signaling pathways, remains to be elucidated.
The present study analyzed the BIC samples from TCGA
database, stratifying them into GPER1 missense muta-
tion and WT groups. It compared the survival differences
between the two groups, identified DEGs and subjected the
DEGs to GO, KEGG and PPI network analyses. From the PPI
network, 10 hub genes were identified and their prognostic
value assessed. Additionally, the present study compared the
immune cell infiltration profiles between the mutation and WT
groups. Using cell-based pharmacological approaches, it also
examined the impact of the GPER1 mutations on the receptor's
regulation of intracellular cAMP accumulation in response to
agonist stimulation.

Analysis of GPERI1 gene expression in both the WT and
mutant groups revealed that the difference between the two
groups nearly reached statistical significance (P=0.06). This
non-significant result, although consistent with the findings of
Tutzauer et al (21), may be attributed to the limited sample size
of mutants, warranting further sample collection for validation.
Regarding survival analysis, while OS and DFS did not show
significant differences between the two groups, PFS and DSS
were significantly lower in the mutant group compared with
the WT group. According to medical statistics, DSS is gener-
ally considered more accurate than OS in assessing treatment
impact on specific diseases (28). Therefore, it can be inferred
that mutations in GPER1 reduce the treatment efficacy for
patients with BIC, resulting in poorer prognosis. Considering
the limited number of mutant individuals included in the study
(n=55) and the various types of mutations, this conclusion
requires further support from additional case reports and
larger cohort studies.

Using the criteria of log2 Ifold change (FC)I =2 and P<0.05
in the edgeR package of R software, 60 DEGs were identi-
fied between the GPER1 mutant and WT groups. To assess
whether the small number of DEGs identified was due to overly
stringent filtering criteria, the present study further relaxed the
thresholds to log?2 Ifold change (FC)I =1 and P<0.05. Despite
this adjustment, only 80 DEGs were identified. The scarcity
of DEGs hints at the possibility that GPER1 mutations in
BIC may primarily influence a select few cellular functions
and signaling pathways. An intriguing observation is that all
identified DEGs were upregulated. This expression pattern
contrasts with findings from other tumor-related DEG screen-
ings (29-31), suggesting that GPER1 mutations may elicit a
distinct gene expression profile in BIC.
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Figure 7. Immune cell infiltration in breast invasive carcinoma samples grouped by GPER1 mutation status. (A) Estimated proportions of 22 immune cell types
in each sample. (B) Correlation matrix of immune cells. Brown indicates positive correlation, blue indicates negative correlation. (C) Differences in the propor-
tions of 22 immune cell types between samples with and without GPER1 mutations. Wilcoxon rank-sum test was used, P<0.05. GPER1, G protein-coupled
estrogen receptor 1; norm, wild type; mut, mutant; ns, not significant.
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GPERI, G protein-coupled estrogen receptor 1.

GO enrichment analysis revealed that the DEGs were
predominantly enriched in organic anion transport, glycos-
aminoglycan binding, monoatomic ion-gated channel activity,
gated channel activity and plasma membrane. Organic anion
transport plays a pivotal role in tumor cell proliferation and
metastasis (32,33), influencing the efficacy of anti-tumor
drugs by modulating their intracellular concentrations, thereby
affecting their cytotoxic effects on cancer cells (34-36).
Glycosaminoglycan binding affects crucial cellular functions
such as adhesion, migration and signaling (37). Dysregulation
of glycosaminoglycan-binding proteins has been linked to
increased invasiveness and aggressiveness of tumors (37).
Monoatomic ion-gated channel activity is associated with the
regulation of ion flow across cell membranes, essential for
maintaining cellular homeostasis and involved in processes
such as cell signaling, proliferation and apoptosis (38,39).
In tumors, dysregulation of ion channels can contribute to
abnormal cell growth, survival and migration, influencing
the progression and behavior of cancer cells (38,39). The
plasma membrane plays a critical role in cell-cell interactions,
nutrient uptake and signal transduction, with alterations in its
properties affecting cell adhesion, migration and response to
extracellular signals, thereby impacting cancer development
and progression (39). In summary, the terms associated with
the DEGs identified through GO enrichment analysis are all
related to tumor progression and metastasis, potentially influ-
encing the effectiveness of anti-tumor drugs. This finding is
consistent with the lower PFS and DSS observed in the GPER1
mutant group in the present study.

The KEGG analysis of these DEGs revealed enrichment for
the PI3K-Akt, ABC transporters, Peroxisome, ECM-receptor
interaction and bile secretion pathway. This discovery is in
line with numerous studies that have identified this pathway
in differential gene expression analyses comparing tumor
and non-tumor samples (40-42) Activation of the PI3K-Akt
pathway is known to promote oncogenes, suppress tumor

Table I. Agonist-stimulated cAMP response of WT and mutant
GPERIs.

G-1 stimulated cAMP response

WT and mutant

GPERIs ECs, (M) R,..(% WT)
WT 0.20+0.08 100

L129M ND® 115.40+6.60
E218Q 157.12+45 98 77.6022.60
S235F 10.66+2.70 44.60+1.30
A345G ND* 80.40+5.10

Values are expressed as the mean + standard error of the mean of
three independent experiments. “P<0.05 vs. wild type GPERI,
Kruskal-Wallis test followed by Dunn's post hoc analysis. "ND,
could not be determined. GPER1, G protein-coupled estrogen
receptor 1; WT, wild type; ECs,, concentration of agonist that causes
50% maximal cAMP response; cAMP, cyclic AMP; R, maximal
response.

max »

suppressor genes and contribute to the development of cancer
characteristics such as uncontrolled cell growth, evasion of
apoptosis, angiogenesis, tissue invasion and metastasis (43,44).
For instance, in cervical cancer, the PI3K-Akt pathway plays
a role in modulating the expression of HCCR, a downstream
component that influences disease progression (45). Overall,
activation of the PI3K-Akt signaling pathway is frequently
linked to poor prognosis in cancer (46-48). Similar to the
PI3K-Akt pathway, the ABC transporter pathway is associ-
ated with poor prognosis in cancer patients (49,50). A study
identified transporters such as ABCA1, ABCBI and ABCG2
as being involved in the efflux of chemotherapeutic agents,
thereby contributing to the multidrug resistance seen in
aggressive breast cancer subtypes (51). Furthermore, some
other researches indicate that high expression levels of these
transporters are correlated with increased tumor invasive-
ness (52,53). The peroxisome signaling pathway, particularly
through peroxisome proliferator-activated receptors (PPARs),
plays a significant role in the development and progression of
breast cancer. PPARs are ligand-dependent nuclear receptor
transcription factors that regulate genes involved in critical
cellular processes such as proliferation, differentiation and
metabolism (54). Dysregulation of PPARs has been linked to
breast cancer. Additionally, peroxisomes contribute to carcino-
genesis by producing reactive oxygen species (ROS), which can
lead to DNA damage and initiate tumor development (55,56).
Components of the extracellular matrix (ECM), such as fibro-
nectin and collagen, significantly influence breast cancer cell
migration and epithelial-mesenchymal transition (EMT), a
process whereby epithelial cells acquire mesenchymal traits,
enhancing their invasive capabilities (57,58). ECM-receptor
interaction signaling pathways have been reported to be closely
associated with breast cancer metastasis (59,60). Unlike the
previous four signaling pathways, bile acids, although found
to accumulate in human breast tumors, have been shown to
inhibit tumor growth and improve patient survival (61). The
enrichment of DEGs in the bile secretion pathways may be
related to the body's mechanisms for counteracting tumor
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development. Overall, the KEGG analysis revealed that DEGs
were enriched in signaling pathways, with four pathways
related to tumor progression and drug resistance and one
pathway associated with anti-tumor activity. These findings
are generally consistent with the results obtained from the GO
analysis and can help explain the lower PFS and DSS observed
in the GPER1 mutation group.

Through PPI network analysis and hub gene screening,
the present study identified 10 hub genes, among which I1L33
and STAB2 showed significant associations with the survival
of BIC patients, while CFTR demonstrated near-significant
relevance (P=0.059). Of these three genes, only CFTR was
found to function as a hub gene in other cancers and diseases,
such as colorectal cancer (62), chromophobe renal cell carci-
noma (63) and pulmonary arterial hypertension (64), whereas
IL33 and STAB2 have not been previously identified as hub
genes in other types of cancer. For the other two genes, 11.33
has been shown to promote cancer stemness, tumor growth and
metastasis by recruiting macrophages into the tumor microen-
vironment (65,66), while STAB2, a hyaluronic acid receptor,
has also been associated with cancer metastasis (67-69).
Furthermore, the IL33-STAB2 axis has been demonstrated to
modulate immune responses in gastrointestinal cancers (70,71).
In summary, IL33, STAB2 and CFTR are all linked to tumor
progression, but only CFTR has been identified as a hub gene
in some other cancer types, suggesting that IL.33 and STAB2
may play distinct roles in GPER1 mutation-mediated tumor
progression.

Based on the analysis of immune cell infiltration using the
CIBERSORT algorithm, it was observed that the proportion
of CD8 T cells in the GPERI mutation group was notably
lower compared with the WT group. CD8 T cells are essen-
tial for recognizing and eliminating cancer cells and their
diminished presence may lead to immune evasion and tumor
progression (72-74). Furthermore, research has indicated that
augmenting the infiltration of CD8 T cells, either through
interventions such as vitamin D therapy or immune checkpoint
blockade, can bolster anti-tumor immunity and improve treat-
ment outcomes for cancer patients (75-77). Consequently, the
reduced levels of CD8 T cells in the GPER1 mutation group
may contribute to the poorer prognosis observed in this cohort.

Mutations in GPCRs can lead to diverse pharmacological
effects that significantly affect drug efficacy and patient
responses. These genetic alterations can modify receptor
pharmacology by influencing cell surface expression, receptor
interactions, basal activity and GPCR-G protein coupling.
Such changes can result in varied disease phenotypes or alter
drug response (78). For instance, mutations in the adhesion
G protein-coupled receptor latrophilin 1 can impair receptor
trafficking, contributing to conditions such as obesity (79).
Consequently, understanding the molecular consequences
of pathogenic mutations in GPCRs is crucial for elucidating
disease mechanisms and developing effective therapeutic
strategies. To assess the influence of mutations on the response
of GPERI to agonists, the present study employed a luciferase
reporter system with a CRE element to quantify cellular
cAMP levels downstream of GPERI activation by the potent
selective agonist G-1. The results revealed that all four muta-
tions, namely L129M, E218Q, S235F and A345G, attenuated
cellular cAMP levels to varying extents following G-1

stimulation. While the cAMP signaling pathway demonstrates
multifunctionality and can exert either tumor-suppressive or
tumor-promoting effects across different types of tumor and
cellular contexts (80), activation of cAMP signaling by Ga, in
the GPCR system has been implicated as a tumor suppressor
in neoplasms derived from ectodermal cells, including neural
and epidermal stem/progenitor cells (81). Given that GPER1
activates cCAMP via coupling to Ga,, the attenuation of cAMP
signaling due to mutations may contribute to the unfavorable
prognosis observed in patients with BIC with GPER1 muta-
tions. Furthermore, the diminished ligand activation capacity
of mutated GPERI1 also partially accounts for the reduced PFS
observed in patients with BIC with GPER1 mutations.

It is worth noting that, while previous studies have
grouped tumors based on mutations and non-mutations
and screened for DEGs for subsequent bioinformatics anal-
ysis (82-84), the present study has, for the first time, to the
best of the authors' knowledge, integrated cell pharmacolog-
ical experiments to detect the potential effect of mutations
on key GPCR downstream signaling pathways in tumors.
These intriguing findings provide important insights for
precision medicine targeting GPCRs. However, the present
study has some limitations, such as not grouping according
to the mutation types of GPCRs. Considering the diverse
pharmacological effects of GPCR mutations (19), further
subgrouping and studying the specific effects of different
GPCR mutations on tumor cell biology have become one of
the next research priorities.

In summary, the present study explored the molecular and
pharmacological effects of missense mutations in GPER1
using the BIC sample information from TCGA data. It found
that missense mutations in GPER1 led to adverse prognostic
outcomes and reduced treatment effectiveness. Differential
gene expression analysis revealed that GPER1 mutations
caused upregulation of a subset of genes, which enriched in
signaling pathways, such as PI3K-Akt, implicated in tumor
progression. Similarly, hub genes selected through PPI
network screening, including IL33, STAB2 and CFTR, were
all associated with tumor progression. Immune infiltration
analysis also demonstrated a reduction in anti-tumor CD8 T
cell content with GPER1 mutations. Pharmacological analysis
revealed that mutations diminish GPER1's ability to induce
cAMP production upon agonist stimulation. These findings
provided insights into the design of anti-tumor drugs targeting
GPERI1 and personalized medicine approaches.
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