Advanced
Pharmaceutical
Bulletin

Accepted Manuscript (unedited)

The manuscript will undergo copyediting, typesetting, and review of the resulting proof before it is published in its final form.

Research Article

How to cite this article:

Rahimi S, Haghi M, Najarzadeh D, Hosseinpour Feizi M. GAS2 Co-Expression Networks in Breast Cancer:
Identification of Potential Biomarkers and Therapeutic Targets. Advanced Pharmaceutical Bulletin, doi:

10.34172/apb.025.46055

GAS2 Co-Expression Networks in Breast Cancer: Identification of Potential Biomarkers and

Therapeutic Targets

Samin Rahimit, Mehdi Haghi'*, Dariush Najarzadeh®> Mohammad Ali Hosseinpour Feizi*

! Department of Animal Biology, Faculty of Natural Sciences, University of Tabriz, Tabriz, Iran
2 Faculty of Mathematics, Statistics and Computer Science, University of Tabriz, Tabriz, Iran

ARTICLE INFO

ABSTRACT

Keywords:
Breast Neoplasms
Co-expression
GAS-2 Protein
RNA Sequencing
Pharmacogenetics
Targeted therapy

Article History:

Submitted: July 20, 2025
Revised: October 22, 2025
Accepted: October 27, 2025
ePublished: November 03, 2025

*Correspondence Author:

Purpose: Breast Cancer (BCa) remains the leading cause of cancer-related
mortality among women, underscoring the need for developing more effective
novel biomarkers. This study investigated the role of Growth Arrest-Specific 2
(GAS2) and its co-expressed genes in breast cancer.

Methods: RNA-Seq data from 60 matched normal and malignant breast tissue
samples (GSE183947) were analyzed. Expression values were normalized using
FPKM, and GAS2 co-expression networks were constructed with SUM Lasso and
linear regression. Gene-gene interaction networks were examined using Gephi
software.

Results: GAS2 expression was significantly reduced in tumors compared with
normal tissues (p < 0.01). Distinct sets of GAS2-associated genes were identified
in cancer versus normal tissues, with tumor-associated partners (TAS2R14,
PHF21B, CNTN5, UGT2B15) linked to drug metabolism and signaling, and
normal-associated partners (DCC, STAT5A, ZCRB1) linked to transcriptional and
cytoskeletal regulation. Network analysis revealed substantial differences in gene
expression patterns between tumor and normal tissues, indicating GAS2’s
involvement in cancer-specific signaling pathways.

Conclusion: GAS2 displays context-dependent gene interactions and reduced
expression in BCa, suggesting potential relevance to tumor biology. While these
findings support its value as a candidate biomarker, experimental validation is
required before translational applications can be established.
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1. Introduction

Breast Cancer (BCa) remains the most prevalent malignancy among women all around the world, accounting for
roughly one in eight female cancer diagnoses. According to global cancer data (GLOBOCAN 2020), BCa
represents about 11.7% of all new cancer cases, introducing it as a leading cause of cancer-related deaths
worldwide. Bio-statistically, it has been demonstrated that with a higher incidence in the developed societies,
there is a disproportionately high mortality rate for patients with BCa in low- and middle-income countries, due
to a limited access to early detective or therapeutic procedures.'?

Etiologically, BCa complexly arises from genetic predisposition, epigenetic alterations, as well as environmental
factors, totally disrupting normal cell cycle regulation, DNA repair, and apoptosis. Regardingly, indisputable roles
of genetic factors like germline mutations (including Inherited alterations, particularly in BRCA1, BRCA2, TP53,
PTEN, and PALB?2 that increase susceptibility to BCa), and somatic mutations (like acquired genetic changes in
oncogenes (e.g., PIK3CA, HER2/ERBB2) and tumor suppressors that contribute to uncontrolled proliferation of
cancerous cells) should not be underestimated. Epigenetically, DNA methylation (like aberrant hypermethylation
of tumor suppressor genes (e.g., BRCAIl promoter) that silences protective pathways, while global
hypomethylation can activate oncogenes), histone modifications (like altered acetylation and methylation status
that influence chromatin structure and transcriptional activity, affecting genes regulating growth and apoptosis),
as well as emerging of Non-coding RNAs (including microRNAs, IncRNAs that regulate the expression of
oncogenes and tumor suppressors dysregulation) contributing to BCa initiation and progression.

While, the Tumor Microenvironment (TME) of BCa plays a fundamental role, where immune cells (e.g., Tumor-
Associated Macrophages (TAMs), T cells, Myeloid-Derived Suppressor Cells (MDSCs)) can either inhibit or
promote the tumor progression. Immunologically, BCa frequently develop various kinds of immune evasion
mechanisms, such as: PD-1/PD-L1 pathway activation (eventuating to suppression of those functional T-cell
activities), secretion of immunosuppressive cytokines (e.g., IL-10, TGF-B), down-regulation of MHC molecules
(leading to a reduced antigen presentation), as well as hormonal regulation (Estrogen/Progesterone Receptors
(ER/PR)) and HER?Z signaling (driving oncogenesis to influence the host immune interactions).

Therapeutically, multimodal and tailored approaches have been highly recommended for managing BCa,
according to molecular subtype, stage, and patient predisposition profile. They encompass surgery (lumpectomy
or mastectomy with sentinel lymph node biopsy or axillary dissection), radiotherapy (as a standard post-surgery
approach in many cases with BCa to reduce local recurrence), systemic therapies (like endocrine therapies (e.g.,
tamoxifen, aromatase inhibitors) for ER/PR-positive tumors), HER2-targeted therapies (e.g., trastuzumab,
pertuzumab) for HER2-positive disease), chemotherapies for triple-negative and high-risk tumors, and
immunotherapy (immune checkpoint inhibitors (e.g., anti-PD-1/PD-L1 agents) particularly in triple-negative
breast cancer), as well as emerging strategies (CAR-T cells, new generation of vaccines, and combination
immunotherapy approaches that are still under investigation).

In spite of the fact that there are successful results acquired from therapeutic and diagnostic methods for patients
with BCa, it can be postulated that heterogenicity in tumor biology of BCa makes the development of therapeutic
or diagnostic procedures face with problematic challenges, like recurrence, emergence of primary syndromes or
metastasis, as well as chemo- or radio-resistance. Hence, it seems that there is an imperative need to outstanding

advances in more novel and effective molecular profiling as well as targeted immunotherapy, aimed at
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transforming treatment strategies, with molecular biomarkers serving as pivotal tools for BCa precision
medicine.®*

Because of molecular diversity in BCa, the identification and discovery of novel biomarkers and therapeutic
targets are critical for advancing early detection, prognosis, and personalized treatment strategies, ultimately
improving survival and Quality Of Life (QOL). There are a wide range of rationales for it, including different
subtypes of BCa with different cellular structures like Circulating Tumor Cells (CTCs), and even molecular driver
and passenger mutations (leading to emergence of completely different therapeutic responses), inability of some
biomarkers (ER, PR, HER2, Ki-67, PD-L1) to fully capture the complexity of the disease, as well as a high risk
for developing metastasis with a developed resistance (especially in patients with triple-negative BCa).
Accordingly, with a more precise look, there are several molecular signaling that have been integrated into
translation medicine-based BCa therapy, leading the BCa treatment toward emerging therapeutic/diagnostic
targets, aimed at tumor reprogramming (like epigenetic regulators: Histone Deacetylase Inhibitors (HDIs) and
DNA methylation modulators), immune-based targets, signaling pathways (PI3K/AKT/mTOR, CDK4/6, and
FGFR inhibitors, cancer stem cell markers (e.g., Notch, Wnt, Hedgehog)) may prevent recurrence and metastasis.
Because of recent developments in high-throughput molecular-based and sequencing technology, as well as
bioinformatics, BCa research has been encountering with some breakthroughs, making it possible to conduct
comprehensive genomic and transcriptome profiling, as well as simplifying it to comprehend the molecular
networks and immunological pathways being involved in the initial phases of tumor development, as well as their
progression and their response to treatment.> Among them, gene co-expression network analysis has been
considered as a more popular and clinically-valuable tool for deciphering coordinated gene expression patterns
and dysregulated molecular circuits, being involved in BCa heterogenicity, tumor biology, as well as drug
resistance mechanisms.5”

One of those significant gene in gene co-expression network analysis is Growth Arrest-Specific 2 (GAS2), being
located on chromosome 11p14.3, as a cytoskeleton-associated protein originally identified as a growth arrest—
specific gene, being able to interact with actin microfilaments and microtubules, thereby stabilizing and regulating
the cytoskeletal dynamics. Interestingly, GAS2 generally plays a pivotal role in the processes of cell proliferation,
cell cycle regulation, apoptosis (cleavage of GAS2 through caspases during apoptosis, aimed at reorganizing the
cytoskeleton), and cellular invasion. In BCa, it has been depicted that there is a dysregulated pattern of GAS2,
eventuating to an enhanced invasive potential by promoting cytoskeletal flexibility and tumor cell motility, due
to an overexpressed GAS2, making it as a prognosticative biomolecule or biomarker for patients with metastatic
BCa.®10 Additionally, it is worthy to mention that an altered GAS2 activity, being implicated in resistance to
apoptosis, can contribute to BCa progression, connecting it directly to processes critical in Epithelial-
Mesenchymal Transition (EMT) and metastasis. Fortunately, circulating forms of GAS2 (e.g., fragments from
caspase cleavage) could potentially serve as easily-detectable non-invasive biomarkers in blood, reflecting
cytoskeleton dynamicity in comparison with the other routine biomolecules. Furthermore, GAS2 provides a direct
insight into metastatic potentials, which standard markers cannot fully capture it in BCa.%!112

GAS2 may play a role in the progression of the disease. In the light of a deep need to identify trustworthy
molecular biomarkers and molecular targets for improving clinical outcomes in BCa, the objective of this study
is to investigate the gene co-expression networks that are associated with GAS2 in BCa and the normal tissues
that are located in close proximity to them. The differential patterns of GAS2 co-expression are hypothesized to
have a role in the development of BCa. Furthermore, these patterns may also identify suitable candidates for

tailoring therapies and enhancing clinical management.
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2. Materials and Methods

2.1. Ethical Considerations

There was no need for any extra ethical approval or informed consent for this study because it didn't
involve any new sample collection or experimental methods that required people to be involved in the research.
The main researchers made sure that the first data collection followed the ethical rules they had set up. According
to the structure and type of this study, there is no need to register for Research Ethical Committee (REC). It is
worth-mentioning that all of the data supporting the findings of this study are openly available in the context of

this manuscript.
2.2. Study Procedure

Our RNA-Seq data named dataset GSE183947 (Platform GPL11154), being extracted from the NCBI Gene
Expression Omnibus (GEO) database, was used for conducting this study. There were sixty pairs of samples in
the dataset. Each pair included thirty breast tumor tissues and the proximal normal tissues, all of which were taken
from the same patient.*®

Fragments Per Kilobase of transcript per Million mapped reads (FPKM) method was used to normalize the raw
RNA-Seq data to make the results from different samples be comparable. Actually, the dataset was chosen based
on a number of strict quality control standards. Our inclusion criteria were having matched tumor and normal
samples and a sample size that was big enough to give strong statistical power.

To investigate GAS2-associated gene co-expression networks in patients with BCa, advanced statistical and
machine learning techniques were utilized. Initially, expression data were standardized to zero mean and unit
variance using the Standard Scaler function from the scikit-learn Python package, which optimizes the
performance of penalized regression models.

The core analytical approach involved a novel extension of Lasso regression, so called SUM Lasso. This method
aggregates gene selection frequencies and coefficient magnitudes over 1,000 different regularization parameter
(A) values, enhancing selection stability and reproducibility in the high-dimensional RNA-Seq context. Genes
exhibiting non-zero regression coefficients in more than 50% of the iterations (>500 A values) were deemed

robustly co-expressed with GAS2.
Lasso Regression Model

The Lasso regression model was formulated as follows:

n p
. 1
min| 52> (1= X +1 ) [8;]
=1 j=1

While Y represents the expression levels of our target gene (GAS2), X denotes the expression levels of other
genes, B variables introduce the regression coefficients, and A controls the regularization strength promoting
sparsity. For robust gene selection, Lasso regression was performed across 1,000 different A values (alphas). Genes
selected in more than 50% of the iterations (i.e., with non-zero coefficients in over 500 alphas) were deemed
robustly co-expressed with GAS2. Furthermore, to confirm reproducibility, co-expressed genes were identified

by intersecting results from multiple RNA-Seq datasets, employing pairwise, three-way, and four-way intersection
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analyses. Genes consistently selected across datasets were literally considered strong candidates for functional
association with GAS2.
Additionally, simple linear regression models were applied to validate gene interactions with GAS2:

y = Bo+ Bixs+ Brxp+ .t Bpx, +el
In this formula, while Y is the expression of each gene, X is an indicator for the expression levels of GAS2, f are
coefficients, and € is the error term. Genes with significant p-values (p<0.05) were considered co-expressed.
This integrative analytical framework (combining SUM Lasso and linear regression) comprehensively provides
an approach to identify more reliable gene networks associated with GAS2 expression in BCa. It is important to
note that False Discovery Rate (FDR) correction using the Benjamini-Hochberg method has been applied to all
of the differential expression and co-expression analyses of the selected gene. Moreover, sensitivity analyses were
conducted at different thresholds (40% and 60%).

3. Results

Results from our study highlighted that the expression levels of GAS2 gene was greater in normal breast tissues
when compared to those in tumor samples (p < 0.01). This suggests that GAS2 may play a role as a prognosticative
indictor, protecting against the development of breast cancer. >¢ Analysis of the broader TCGA/GTEXx datasets
using the GEPIAZ platform revealed that GAS2 expression levels were slightly higher in tumor samples compared
to normal tissues (Figure 1B). This discrepancy in expression may be attributed to differences in data type and
sample populations.
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Figure 1: GAS2 expression (panel A = GSE183947 result; panel B = independent validation in TCGA-BRCA from GEPIA2
— TPM boxplot).

Using linear regression and LASSO regression, some groups of genes were found that their whose expression

levels were very similar to GAS2 in samples taken from normal, tumor, and mixed breast tissues. !4
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Table 1: Genes identified via linear regression based on p-values.

Normal samples

Tumor samples

Total samples

DCC TAS2R14 DCC
OR7C2 CNTN5 OR7C2
FRG2 RFX6 HDGFL1
HDGFL1 FAM13C SLC34A1
SLC30A10 PHF21B AQP12B
DACT2 CR769776.1 Clorf65
ADARB?2 MGATSB OPN4
DACH2 PCLO FRG2
AC012414.1 COL11A2 AC012414.1
MLC1 NPBWR?2 SIAH3
SLC34A1 PVRL3 GHRHR
Clorf65 XAGE2B DACT2
AQP12B XAGE2 SSTR5
KRT82 NPIPA2 ADARB?2
OPN4 KCNK17 KRTAP10-3
GHRHR GNPDA2 KRT82
KRTAP10-3 GJD2 CCT8L2
SIAH3 ZNF578 CT47B1
MGATSB IPO11 GRM1
VWASB2 OR52B2 1QCJ

To assess the clinical relevance of GAS2, we performed a survival analysis using the Kaplan—Meier Plotter.
Patients were split into high and low GAS2 expression groups based on the optimal cutoff (34th percentile).
Analysis of Relapse-Free Survival (RFS) revealed that high GAS2 expression was significantly associated with
shorter RFS (median 216.66 months vs. 228.85 months for low expression; log-rank p = 9.1 x 10™7, FDR = 1%;
Figure 2).
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Figure 2. Kaplan—Meier plot (RFS) for GAS2 (KM-Plotter).
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Specifically, on the one hand, 486 genes were found that they were only co-expressed with GAS2 in normal
tissues. Many of these genes are important for keeping the cellular functions and structures in a stable mood. On
the other hand, 1363 genes were found that they were only associated with GAS2 in tumor tissues.
Correspondingly, these genes were often involved in cancer-related processes, like cell growth, invasion, and drug
resistance.®!> Also, 452 genes were found in both normal and tumor tissues, illustrating their indispensable roles
in the biology of breast tissue in general. Throughout all of our analyses, a core set of 102 genes showed up over

and over again. These genes probably do basic functions that are related to GAS2.!3:1¢

Tumour Normal

Tumour and Normal

Figure 3: Venn diagram illustrating gene overlaps from linear regression analysis.

Among the key genes, DCC, UGT2B15, and MGATS5B statistically stood out due to their strong and stable
association with GAS2. In detail, DCC is known for its tumor-suppressing properties, while UGT2B15 may be
involved in tumor metabolism reprogramming and drug-resistance mechanisms.'”'®* MGAT5B is linked to
changes in protein modification affecting cell signaling and adhesion, playing fundamental roles in tumor

progression, and metastasis.”!*2

Table 2: Genes identified via linear regression based on R? values.

Normal samples Tumor samples Total samples
DCC TAS2R14 DCC
OR7C2 CNTN5 OR7C2
FRG2 RFX6 HDGFL1
HDGFL1 FAM13C SLC34A1
SLC30A10 PHF21B AQP12B
DACT2 CR769776.1 Clorf65
ADARB?2 MGAT5B OPN4
DACH2 PCLO FRG2
AC012414.1 COL11A2 AC012414.1
MLC1 NPBWR2 SIAH3
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SLC34A1 PVRL3 GHRHR
Clorf65 XAGE2B DACT2
AQP12B XAGE2 SSTR5
KRT82 NPIPA2 ADARB?2
OPN4 KCNK17 KRTAP10-3
GHRHR GNPDA2 KRT82
KRTAP10-3 GJD2 CCT8L2
SIAH3 ZNF578 CT47B1
MGAT5B IPO11 GRM1
VWASB2 OR52B2 1QCJ

Tumor-specific genes such as TAS2R14 and PHF21B point to a wide array of complex molecular interactions,
influencing tumor growth and monitoring responses to treatment.®?! System biologically, Thyroid Stimulating
Hormone Beta subunit (TSHB) conclusively emphasizes the interactions within the endocrine system in tumor

development.??2

Table 3: Top genes obtained from LASSO analysis by cross-validation

Normal samples Tumor samples Total samples
RP11-826N14.2 TAS2R14 UGT2B15
CNTD2 PHF21B KRT82
DCC CNTN5 INSM1
INSM1 RFX6 DCC
BMPR1B CR769776.1 LGI3
UGT2B15 RP11-463C8.4 FOXR1
TADA2A TSHB KCNT2
XKRX UGT2B15 GHRHR
IL9R MGATSB
KNDC1 OR52N5
FAMBS83E ZNF415
CD38 AJAP1
AC096677.1 KRT86
IL36RN FAM151A
PMCH SNX15
GSTM1 ZDHHC19
B3GNT4 NCAM1
ZCRB1 VAV2
CD248 CDC37L1
STAT5A LCE2B
RPS26 GSTM1
B3GNT7 AC040160.1
ACTLS LRRC48
WTAP RP11-210M15.2
SLC22A15
FAM181B
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In our study, network visualizations made it even clearer that GAS?2 is a regulatory hub, with some gene
interactions that are found similarly in both normal and tumor tissues, meanwhile the others were only found in
one special type of tissue.!»?#?> This pattern hypothetically and theoretically supports the idea that GAS2 has two

main functions: keeping cells functioning normally and helping cancerous cells grow.

A)

N ;: ~
\§>\\\ \\\‘ N
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Figure 4: A) Combined circular chord diagram of GAS2 co-expression network B) Circular chord diagram of GAS2 co-
expression network based on LASSO results C) Circular chord diagram of GAS2 co-expression network based on linear
regression results.

Furthermore, this collection of evidence indicates that our findings are not limited to a single method, and the
results from Lasso and linear regression are consistent with the correlations and complementary analyses.

In addition, Gene Ontology (GO) enrichment and KEGG pathway were performed. These analyses showed that
the co-expressed GAS2 genes are significantly enriched in pathways related to apoptosis regulation, cytoskeletal
reorganization, and hormone resistance, reinforcing the biological interpretation of our results and links the long
lists of genes to specific mechanisms of BCa, paving the pathway for clinicians, oncologists, molecular biologists,
gynecologists, and basic medical scientists to go through a better clinical decision, as well as efficient clinical
outcomes for patients with breast cancer. All in all, these findings totally provide valuable insights into the

molecular immunobiological mechanisms in BCa, involving the critical roles of GAS2, suggesting them as
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potential candidate targets for designing novel and more efficient therapeutic strategies, as well as clinically-
acceptable diagnostic and prognosticative biomarkers for patients with BCa.

Furthermore, to complement and validate the LASSO and linear regression results, we performed a Pearson
correlation analysis between GAS2 and its key partner genes in all samples (combined tissues). As shown in
Figure 5, GAS2 displays strong positive correlations with tumor-associated partners (TAS2R14, PHF21B,
CNTNS5, UGT2B15) and weaker correlations with normal-associated partners (DCC, STAT5A, ZCRB1). These
findings are consistent with the exploratory co-expression network analysis and provide additional support for the

identified gene-gene interactions.

Co-expression of GAS2 with Key Partners
= L S Typo I Type

0.4 Normal
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Figure 5: Heatmaps illustrating LASSO and linear regression results in (A) normal tissue, (B) tumor tissue, and (C) all samples.
(D) Pearson correlation heatmap showing pairwise relationships between GAS2 and seven key partner genes, providing a
standard correlation-based validation of the identified interactions.
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Figure 6: Volcano plot of differential gene expression highlighting GAS2 and tumor-specific genes.
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Figure 7: A) Gene-Gene interaction network of GAS2 in normal tissues. B) Gene-Gene interaction network of GAS2 in tumor
tissues (Nodes represent genes, and edges represent gene-gene relationships).

4. Discussion

According to the considerable mortality and morbidity rate of BCa, and inefficacies of current diagnostic and
therapeutic approaches for some of the patients with BCa, it seems that there should be an imperative need for
more highly-sensitive and efficient medical interventions for a better clinical management and targeted therapy of
BCa. Moreover, high recurrence rates, risk for metastasis in an immunosuppressed TME, and resistance to therapy
in patients with BCa make the oncologists, and basic medical scientists search for more efficient diagnostic and
prognosticative biomarkers."> Our study systematically examined the GAS2 co-expression network in BCa for
the first time. While previous studies have linked GAS2 to cytoskeletal regulation and apoptosis, to our
knowledge, no study has systematically investigated the GAS2 co-expression networks analysis in BCa. Our study
uniquely identifies GAS2 interaction partners through LASSO-based network modeling, highlights potential
pathways related to drug response (such as UGT2B15 and DCC), and provides a foundation for cancer translation
medicine.

In this study, expression levels of GAS2 gene, as well as co-expression levels of the other related genes and the
and the genes that are turned on at the same time as it. We learned that it does a lot of different things in the
cytoskeleton, like changing how cells grow and die, which is important for how well treatment works and how
tumors grow.>”’

We found that GAS2 expression is significantly reduced in tumor samples compared to normal breast tissue,
suggesting a protective or regulatory role in normal cellular function. Through linear and LASSO regression
analyses, we identified distinct sets of genes co-expressed with GAS2 specific to normal tissues, tumor tissues,
and shared between both of them. Genes co-expressed with GAS2 exclusively in normal tissues such as DCC,
INSM1, BMPRIB, and UGT2BI15 are involved in maintaining cytoskeletal stability, apoptosis inhibition, and
drug-resistance metabolism, which likely contribute to normal breast tissue homeostasis. Conversely, GAS2 in

tumor tissues is associated with genes including TAS2R14, PHF21B, CNTNS5, and MGAT5B, which are
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implicated in tumor proliferation, metastasis, and drug-resistance pathways. The presence of these tumor-specific
co-expression patterns highlights GAS2’s involvement in BCa progression and therapeutic responses.

Results from our research showed that GAS2 is an important part of networks of related genes and protein
interactions that are very complicated in BCa. Previous studies have shown that caspase-3, an important apoptosis
effector with enzymatic activities, has a biological effect on GAS2. It also stops calpain-2 protease from working,
which refrains cytoskeletal proteins from breaking down. This means that it might be possible to change the
pattern of cellular death, which can be of significance for treating cancer.®*

GAS?2 does two things in different types of cancer. For example, results from another study elucidated that in
hepatocellular carcinoma, GAS2 procrastinates the growth of cancerous cells by accelerating the procedures of
cellular death, depending on the molecular signaling of p53.° It helps some leukemic cells grow, showing a bi-
functional properties in tumor biology.”?® This behavior changes based on the situation, which shows how
important it is to know exactly what GAS2 does at the molecular level in BCa in order to use whether its
therapeutic potentials.?

We used Lasso regression to find genes that are linked to tumors and that are also found with GAS2. Some of
these genes are CNTNS5, RFX6, TAS2R14, and PHF21B. They are involved in cellular growth, invasion, and
survival.'®2!127 These genes could associate with GAS2 to make a worsen tumor prognosis. Not only GAS2 is
linked with protective genes in normal tissues, but it also can keep the regulatory balance of the cells, which could
be thrown off during the process of cancer growth.?8

Researchers have found UGT2B15 in both healthy and cancerous tissues, being involved in the cellular and
molecular pathways that can change how breast cancer cells grow. This discovery gives us promising ideas for
designing targeted therapies against BCa.*!'® Because it is hypothesized that it can play a role in tumors spreading,
researchers need to conduct further researches to see that if GAS2-TAS2R 14 axis is a good candidate for treatment
of BCa.?! Our study also points to the possibility that chromatin remodelers like PHF21B?’ and cell adhesion
molecules like CNTNS5'® work together to epigenetically control GAS2. These results could help the scientists
make new treatments that use more than one drug. The presence of genes like MGATS5B and UGT2B15 in two
chromosomal places and their different expression patterns depending on the situation®® shows how complicated
GAS2-mediated networks can be, and how they respond to signals from BCa TME.

Most importantly, GAS2 and the networks it shares with other genes are useful in medicine in ways that go beyond
biology. Adding GAS2 and other genes that are similar to it to diagnostic panels could make it possible to use
precision medicine strategies that are based on the unique molecular profile of each patient with BCa. This might
help find patients in a proper time to have an in-time diagnosis, as well as an efficient therapeutic approach
according to the genetic predisposition of each patient with BCa.?® Also, targeting pathways controlled by GAS2
for therapy might be able to get around resistance mechanisms, especially in cases of BCa (like triple-negative
BCa) that doesn't respond to treatment or are coping with a developed metastasis.3°

Previous studies have shown that GAS2 is involved in how tumors grow and how apoptosis is controlled in other
cancers.% But our computer analysis gives us new information that is only useful for BCa. Our findings indicated
that in the GSE183947 dataset, GAS2 expression was higher in normal samples compared to tumor samples,
whereas the analysis of TCGA/GTEx datasets revealed the opposite trend, with elevated GAS2 expression in
tumors. This inconsistency may be explained by differences in data processing methods (FPKM vs. TPM),
variations in sample types (paired vs. heterogeneous samples), and biological differences between adjacent normal
tissues and healthy donor tissues. Consequently, these results should be regarded as exploratory, highlighting the

importance of functional validation assays and multi-cohort analyses. Larger independent datasets, such as TCGA-
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BRCA and METABRIC, would be essential to confirm these findings, enhance statistical robustness, and ensure
reproducibility and generalizability.

Our LASSO and linear regression analyses are exploratory. To support these findings, we added a Pearson
correlation analysis of key partner genes (Figure 5D), which confirms the main trends and highlights the need for
further validation in independent cohorts and functional studies.

Totally, from clinical laboratory aspects, GAS2 does not compete with the other classical biomarkers for patients
with BCa, but rather adds an additional biological dimension (cytoskeletal remodeling and apoptosis regulation).
When integrated into molecular profiling panels, it could enhance risk stratification, metastatic prediction, and
therapy personalization for patients with BCa. As GAS2 has been proposed as a predictive biomarker for response
to cytoskeleton-targeting therapies in BCa, with the potential to refine patient stratification and optimize treatment
outcomes. To do these, as a prime instance, GAS2 and its key partners (UGT2B15, DCC) can be validated through
qPCR and siRNA knockdown, aimed at evaluating drug sensitivity/resistance (e.g., taxane, hormone-based
treatments), and survival analyses can be integrated to assess their prognostic values. In addition, from technical
aspects, it is highly recommended to have the current optimal methods for normalization of data (TPM or count-
based methods like DESeq2 and edgeR) in upcoming researches. Moreover, statistically, we propose that methods
such as WGCNA or broader correlation analyses can provide additional insights and have been suggested as future
research avenues to pave the pathway for a better analysis of this biomarker for patients with BCa.
Notwithstanding the role of subtype analysis in patients with BCa that accredits the clinical decision and
subsequent diagnostic-/therapeutic approaches, it can decipher the heterogeneity (e.g., ERY, HER2") of the
diseases and make a more precise measurement for these patients with a lesser confounding result. All statements
regarding the potential therapeutic relevance of GAS2 have been moderated to reflect that these observations are
hypothesis-generating. GAS2 and its partners may serve as potential therapeutic candidates, pending future drug
screening and functional validation. We believe that These steps will enhance the translational potentials of GAS2
as a biomarker and therapeutic target in BCa translation and precision medicine.

In summary, the key advantage of GAS2 over traditional molecular profiling markers is its direct involvement in
cytoskeletal organization, invasion, and apoptosis, offering unique insight into metastatic potential and treatment
resistance, especially in aggressive subtypes like triple-negative breast cancer. While ER, PR, and HER2 guide
targeted therapy, GAS2 could broaden the biomarker landscape by addressing tumor invasiveness and survival
mechanisms. Up to now, although GAS2 has not previously been recognized as a biomarker in BCa, our co-
expression analysis reveals new associations with drug resistance and cytoskeletal pathways. This comparative

context aids in understanding the position of GAS2 in the biomarker landscape.

5. Future Perspectives and Conclusion
This study comprehensively analyzed the role of GAS2 in breast cancer by examining its expression and co-
expression networks in normal and tumor tissues. According to the alteration in the expression and co-expression
levels of GAS2 (as a reduced expression in tumor samples) and its gene-gene interactions, it can be concluded
that this gene and also its protein product can be of prominence as a predictive biomarker for patients with BCa,
differential biomarkers for discriminating healthy tissues from those cancerous ones, a prognosticative one for
monitoring response to treatment, as well as a promising target for tailored therapeutic strategies in BCs precision
medicine and immune gene-based therapies, aimed at overcoming drug resistance and improving clinical

outcomes for aforesaid patients.
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Future research should focus on validating those molecular and protein-protein associations and unraveling the
mechanistic pathways through which GAS2 influences breast cancer biology, via computer modeling and
experimental validation, qPCR, immunohistochemistry, or other functional assays in independent cohort studies.
Such insights are crucial for developing precision medicine approaches aimed at overcoming drug resistance and
improving clinical outcomes.

Accordingly, a major limitation of the present study is the absence of molecular subtype stratification (ER+,
HER2+, TNBC). Breast cancer heterogeneity could influence gene co-expression patterns and clinical relevance
of GAS2 and its partners. Therefore, our findings should be considered exploratory and hypothesis-generating.
Future studies using larger cohorts with detailed subtype annotations, such as TCGA-BRCA, are necessary to
validate these observations and assess subtype-specific correlations. further investigations and an interdisciplinary
collaboration among the oncologists, gynecologists and obstetricians, internal medicine specialists, clinical
biochemists, clinical immunologists, clinical geneticists, cellular and molecular cancer immunotherapists, clinical
physiologists, cellular and molecular biologists, cellular and molecular immunobiologists, personalized medicine
specialists, cellular and molecular medicine specialists, translation medicine specialists, experimental medicine
specialists, cellular and molecular pharmacologists, molecular pathologists, molecular biotechnologists, medical
biotechnologists, cancer biology researchers, medical laboratory scientists, basic medical scientists, biomolecule
scientists, diseases-specific cellular and molecular biomarker specialists, bioinformaticians, and health system

coordinators are highly recommended.

Author Contributions

Supervision, MH,SR; Conceptualization and Study Design, MH, SR, MPF and DN; Methodology, MH,SR;
Search Strategy, MH,SR, MPF and ND; Validation, SR, MH, DN; Investigation, SR, DN, MH; Literature Review,
SR, MH, DN; Visualization, Image, and Table Designation, SR, MH, MPF, DN; Data Acquisition, SR, and DN;
Academic, Scientific, and Grammatical Revision, DN, SR, MH; Definition of Intellectual Content, SR, MPF, DN,
and MH; Investigation of the Clinical and Experimental Studies, SR, DN and MH; Formal Analysis, SR, and MH;
Preparation of the first draft of the manuscript, SR, MH, DN; Preparation of the last draft of the manuscript, SR.
All of the authors listed on the title page attest to the fact that they have read and approved the final version of the
manuscript, and they have received an electronic copy of the manuscript. It is tacitly or explicitly approved by the
responsible authorities where the work was carried out. The requirements for authorship have been met, and each
author believes that the manuscript represents an honest work. Also, they attest to the validity and legitimacy of
the data, and agreed to submit this manuscript to this journal. All of the authors participated fully in this work,
take public responsibility for appropriate parts of the content, and agree to be accountable for all aspects of the
work and to ensure that questions related to the accuracy or completeness of the content are addressed.

Ethics Approval and Consent to Participate
Not applicable.
Acknowledgment

All authors would like to sincerely dedicate this article to all oncologists, neurologists, cancer researchers,
biologists, immunologists, basic medical scientists, and healthcare personnel worldwide.

Funding
This research received no external funding.
Conflict of Interest

The authors declare no conflict of interest.

14 | Advanced Pharmaceutical Bulletin 2025



Accepted Manuscript (unedited)

The manuscript will undergo copyediting, typesetting, and review of the resulting proof before it is published in its final form.

Availability of Data and Materials

The authors confirm that all of the data generated or analyzed during this study, supporting the findings of this study
are available within this article.

6. References

1. Kong Y, Zhao S, Tian H, Hai Y. GAS2 Promotes Cell Proliferation and Invasion and Suppresses Apoptosis in
Pediatric T-Cell Acute Lymphoblastic Leukemia and Activates Wnt/B-Catenin Pathway. Onco Targets Ther
2020;13:1099-108. doi: 10.2147/0tt.S236854

2. Ma W, Wan Y, Zhang J, Yao J, Wang Y, Lu J, et al. Growth arrest-specific protein 2 (GAS2) interacts with
CXCR4 to promote T-cell leukemogenesis partially via c-MYC. Mol Oncol 2022;16(20):3720-34.
doi:10.1002/1878-0261.13306

3. Arts SS, Menkovski VV, Mocanu DD, Yakovets NN. Dimensionality reduction of gene expression data
[Master’s thesis]. Eindhoven (Netherlands): Eindhoven University of Technology; 2018. Available from:
https://pure.tue.nl/ws/portalfiles/portal/109115723/CSE642 Final Version Master Thesis vl 0 Sako Arts.pdf
4. Allain EP, Rouleau M, Lévesque E, Guillemette C. Emerging roles for UDP-glucuronosyltransferases in drug
resistance and cancer progression. Br J Cancer 2020;122(9):1277-87. doi: 10.1038/s41416-019-0722-0

5.York JP, Ren YA, Zeng J, Bin Z, Wang F, Chen R, et al. Growth Arrest Specific 2 (GAS2) is a Critical Mediator
of Germ Cell Cyst Breakdown and Folliculogenesis in Mice. Sci Rep 2016;6(1):34956. doi: 10.1038/srep34956
6.Ma W, LinJ, Ma R, Bai Y, Wu D, Zhang X, et al. Insights into Structure and Function of Growth Arrest Specific
2 (GAS2). J Cancer 2025;16(1):146. doi: 10.7150/jca.102893

7.Sun L, Zhou H, Liu H, Ge Y, Zhang X, Ma W, et al. GAS2—Calpain2 axis contributes to the growth of leukemic
cells. Acta Biochim Biophys Sin (Shanghai) 2015;47(10):795-804. doi: 10.1093/abbs/gmv080

8. Zhao C, Zhang N, Cui X, Zhang X, Ren Y, Su C, et al. Integrative analysis regarding the correlation between
GAS?2 family genes and human glioma prognosis. Cancer Med 2021;10(8):2826-39. doi:10.1002/cam4.3829

9. Zhu RX, Cheng ASL, Chan HLY, Yang DY, Seto WK. Growth arrest-specific gene 2 suppresses
hepatocarcinogenesis by intervention of cell cycle and p53-dependent apoptosis. World J Gastroenterol
2019;25(32):4715-26. doi: 10.3748/wjg.v25.132.4715

10. Ramirez-Guzman LA, Huang W, Cole JJ, Jergensen HG. GAS2 Upregulation Is a Targetable Vulnerability in
Chronic Myeloid Leukemia. Int J Transl Med (Basel) 2024;4(2):354-68. doi : 10.3390/ijtm4020023

11. An J, Imasaki T, Narita A, Niwa S, Sasaki R, Makino T, et al. Dimerization GAS2 mediates microtubule and
F-actin crosslinking. bioRxiv 2024 [preprint]. doi: 10.1101/2024.08.19.608523

12. Piccand J, Strasser P, Hodson DJ, Meunier A, Ye T, Keime C, et al. Rfx6 maintains the functional identity of
adult pancreatic B cells. Cell Rep 2014;9(6):2219-32. doi: 10.1016/j.celrep.2014.11.033

13. Identification of five cytotoxicity-related genes involved in the progression of breast cancer [database on the
Internet]. 2021. Available from: https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE183947. Accessed 22
Oct 2025.

14. Zhang L, Zheng D, Xu L, Wang H, Zhang S, Shi J, et al. A novel variant in GAS?2 is associated with autosomal
dominant nonsyndromic hearing impairment in a Chinese family. Hum Genomics 2024;18(1):73.
doi:10.1186/s40246-024-00628-2

15. Zhang N, Zhao C, Zhang X, Cui X, Zhao Y, Yang J, et al. Growth arrest—specific 2 protein family: Structure
and function. Cell Prolif 2021;54(1):e12934. doi: 10.1111/cpr.12934

15 | Advanced Pharmaceutical Bulletin 2025


https://doi.org/10.1002/1878-0261.13306
https://doi.org/10.1002/cam4.3829
https://doi.org/10.1111/cpr.12934

Accepted Manuscript (unedited)

The manuscript will undergo copyediting, typesetting, and review of the resulting proof before it is published in its final form.

16. Chen D-H, Yu J-W, Jiang B-J. Contactin 1: A potential therapeutic target and biomarker in gastric cancer.
World J Gastroenterol 2015;21(33):9707. doi: 10.3748/wjg.v21.i133.9707

17. Quadri M, Federico A, Zhao T, Breedveld GJ, Battisti C, Delnooz C, et al. Mutations in SLC30A10 cause
parkinsonism and dystonia with hypermanganesemia, polycythemia, and chronic liver disease. Am J Hum Genet
2012;90(3):467-77. doi: 10.1016/j.ajhg.2012.01.017

18. Gauthier-Landry L, Belanger A, Barbier O. Multiple roles for UDP-glucuronosyltransferase (UGT) 2B15 and
UGT2B17 enzymes in androgen metabolism and prostate cancer evolution. J Steroid Biochem Mol Biol
2015;145:187-92. doi:10.1016/j.jsbmb.2014.05.009

19. Nam H-S, Nam K-H, Jung S-H, Lee J-W, Kang J-Y, Hong S-K, et al. Determination of finasteride in human
serum by LC-MS/MS. Anal Sci Technol 2011;24:345-51. doi: 10.5806/AST.2011.24.5.345

20. van Driel M, van Leeuwen JP. Vitamin D and bone: a story of endocrine and auto/paracrine action in
osteoblasts. Nutrients 2023;15(3):480. doi:10.3390/nu15030480

21. Bastian M, Heymann S, Jacomy M, editors. Gephi: an open source software for exploring and manipulating
networks. Paper presented at: Proceedings of the International AAAI Conference on Web and Social Media;
2009;3(1):361-362. doi:10.1609/icwsm.v3i1.13937

22. Chaker L, Peeters RP. Thyroid-stimulating hormone. In: Melmed S, editor. The Pituitary. Sth ed. Amsterdam:
Elsevier; 2022. p. 173-207.doi: 10.1016/B978-0-323-99899-4.00015-9

23. Huston A, Arrowsmith CH, Knapp S, Schapira M. Probing the epigenome. Nat Chem Biol. 2015;11(8):542—
545. doi:10.1038/nchembio.1871

24. Bertonha FB, Barros Filho Mde C, Kuasne H, Dos Reis PP, da Costa Prando E, Muiloz JJ, et al. PHF21B as a
candidate tumor suppressor gene in head and neck squamous cell carcinomas. Mol Oncol 2015;9(2):450-62. doi:
10.1016/j.molonc.2014.09.009

25.Zhou H, Ge Y, Sun L, Ma W, Wu J, Zhang X, et al. Growth arrest specific 2 is up-regulated in chronic myeloid
leukemia cells and required for their growth. PLoS One 2014;9(1):e86195. doi: 10.1371/journal.pone.0086195
26. Zhu L, Kan K-J, Griin JL, Hissa B, Yang C, Gyorffy B, et al. GAS2L1 is a potential biomarker of circulating
tumor cells in pancreatic cancer. Cancers (Basel) 2020;12(12):3774. doi: 10.3390/cancers12123774

27.LiQ, Ye L, Guo W, Wang M, Huang S, Peng X. PHF21B overexpression promotes cancer stem cell-like traits
in prostate cancer cells by activating the Wnt/B-catenin signaling pathway. J Exp Clin Cancer Res 2017;36(1):85.
doi: 10.1186/s13046-017-0560-y

28. Xu Y-Y, Bai R-X, Zhang Q-R, Zhang S, Zhang J-H, Du S-Y. A comprehensive analysis of GAS2 family
members identifies that GAS2L1 is a novel biomarker and promotes the proliferation of hepatocellular carcinoma.
Discov Oncol 2024;15(1):220. doi:10.1007/s12672-024-01083-0

29. Mohebiany AN, Harroch S, Bouyain S. New insights into the roles of the contactin cell adhesion molecules
in neural development. Adv Neurobiol 2014:165-94. doi: 10.1007/978-1-4614-8090-7_8

30. Zhou W, Ouyang J, Li J, Liu F, An T, Cheng L, et al. MRPS17 promotes invasion and metastasis through
PI3K/AKT signal pathway and could be potential prognostic marker for gastric cancer. J Cancer
2021;12(16):4849-61. doi: 10.7150/jca.55719

16 | Advanced Pharmaceutical Bulletin 2025


https://doi.org/10.1016/B978-0-323-99899-4.00015-9

