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Comprehensive analysis of
MAGE-A10 in pan-cancer and its
validation in gastric cancer

YichenYinl%¢, Baozhen Wang'-%®¢, Mingzhe Yang%3:$, Weidi Liu'2, Anqi Wang??3,
Zhongting Lu?, Jing Chen?3:5“ & Tao Li***

Previous studies found that melanoma antigen genes (MAGE) were antigens expressed in various
tumor cells but hardly expressed in normal tissues, and their unique expression pattern made them
highly promising for cancer immunotherapy. MAGE-A10 was a member of the MAGE family, and
although it was expressed in various tumors, its specific function remained unclear. In this study, we
conducted a comprehensive pan-cancer analysis of MAGE-A10 expression, prognostic value, DNA
methylation, genetic variation, function, immune infiltration, and drug sensitivity using multiple
public databases. The results showed that MAGE-A10 was highly expressed in tumor tissues of most
cancer types and was associated with poor prognosis. Additionally, MAGE-A10 was closely related

to methylation levels, genetic variation, immune cell infiltration, immune therapy response, and
chemotherapy resistance, possibly due to its role in regulating gene expression, cell differentiation,
and immune response. Validation experiments in gastric cancer found that high expression of
MAGE-A10 significantly affected patient prognosis. Gene set enrichment analysis (GSEA) indicated
that high expression of MAGE-A10 was closely associated with the binding of histone deacetylases.
Cell experiments showed that knocking down MAGE-A10 significantly reduced the proliferation,
migration, and invasion capabilities of gastric cancer cells, which might be related to its regulation of
the expression of cell adhesion molecule cadherins. In conclusion, this study indicated that MAGE-A10
was a potential tumor prognostic biomarker and immunotherapy target and played an important role
in the proliferation, migration, and invasion of gastric cancer cells.
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Cancer represented a significant global public health concern and ranked as the second leading cause of
death worldwide!. The increasing incidence and mortality of cancer could be attributed to population growth,
aging, changes in the prevalence and distribution of disease risk factors, and socio-economic development?.
Research reports indicated that around 3.21 million individuals succumbed to cancer as of 20223. The latest
assessment by the American Cancer Society estimated that 609,820 individuals would succumb to cancer in
the United States by 2023!. In recent years, rapid advancements in cancer immunotherapy, encompassing
immune checkpoint blockade, tumor vaccines, adoptive cell transfer, immunocellular therapy, and innovative
therapeutic strategies targeting T cell co-stimulatory and co-inhibitory receptors, significantly enhanced cancer
treatment and prognosis®~. The presence of specific antigens within the tumor was a fundamental prerequisite
for the effectiveness of immunotherapy’. However, the availability of matching tests for immunotherapy-related
biomarkers in some cancers remained limited®underscoring the urgent necessity for additional exploration
of effective tumor prognostic biomarkers associated with immunotherapy to aid patients in decision-making
regarding immune checkpoint inhibitor-based therapies’.

Melanoma-associated antigen (MAGE) was first identified as a tumor-associated antigen in melanoma
patients'’. Based on the chromosomal location of the genes and the tissue distribution of their products, MAGEs
could be categorized into two groups: MAGE-I and MAGE-II. The MAGE-I proteins belonged to the wider
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cancer-testis antigen (CTAs) family, which included the multi-gene families MAGE-A, -B, and -C!""!2. Recent
studies demonstrated an association between the expression of CTAs and lymph node metastasis, tumor staging,
and prognosis in lung cancer patients'>. MAGE-A10 was a highly immunogenic member of the cancer/testis
antigen (CTAs) family'%. This nuclear protein was highly expressed in malignant tumors of the lung, skin, and
urothelium. High levels of protein expression could also be detected in gynecologic malignancies and gallbladder
cancer'>. MAGE-A10 played a significant role in various types of tumors. For instance, studies indicated its
high expression in high-grade non-muscle-invasive bladder cancer, and its association with high tumor grade
and invasiveness, offering potential as a target for immunotherapy, along with other CTAs!®. Furthermore,
studies suggested that MAGE-A10 could serve as a predictive marker for early liver recurrence in gastric and
gastroesophageal junction cancer following surgery, and that it might also be a target for immunotherapy
in gastric cancer'”!3. Moreover, a study by Qin H et al. revealed that high expression of MAGEA, including
MAGE-A10, was correlated with poor prognosis in various cancers, especially with chemotherapy resistance,
tumor growth, cancer progression, lymph node metastasis, and increased recurrence rates in pancreatic ductal
adenocarcinoma (PDAC)". Additionally, Lisica Siki¢ N et al. reported that the expression of MAGE-A10 could
predict non-response and low sensitivity to platinum-based chemotherapy in late-stage high-grade serous
ovarian cancer, and was associated with overall survival?. Nevertheless, the expression levels and clinical
significance of MAGE-A10 in most types of cancer remained to be clarified.

In Fig. l,our study study conducted a comprehensive bioinformatics analysis of MAGE-A10 using
multiple databases to elucidate its expression, prognostic significance, genetic variations, DNA methylation,
and associated pathways in various cancers. Additionally, it investigated the role of MAGE-A10 in the tumor
immune microenvironment and assessed its correlation with immune therapy response and drug sensitivity.
The expression levels of MAGE-A10 in normal stomach and stomach adenocarcinoma (STAD) tissues were
also examined, along with their impact on STAD prognosis. Finally, the mRNA and protein expression levels of
MAGE-A10 were validated in STAD in vitro, identifying it as an independent prognostic risk factor for stomach
adenocarcinoma.

Materials and methods

Pan-cancer data collection

The Human Protein Atlas (HPA) (http://www.proteinatlas.org) was an extensive network that offered
comprehensive protein information on tissues and organs. This network enabled us to comprehend the
localization and protein expression level of MAGE-A102. Differential gene expression analysis of MAGE-A10
was performed using SangerBox3.0 in unpaired normal and tumor tissues, with parameter normalization to
log2(x+0.001) for sequencing data. Additionally, Supplementary Table 1 provided the abbreviations for each
tumor type.

Prognostic evaluation in pan-cancer

To study the prognosis of MAGE-A10 in human cancer, we implemented a univariate Cox proportional hazards
regression model based on The Cancer Genome Atlas (TCGA) database using Sangerbox3.0 (http://sangerbox.
com/). This approach aimed to examine the correlation between MAGE-A10 and overall survival (OS), disease-
specific survival (DSS), disease-free interval (DFI), and progression-free interval (PFI) across various tumors.

Epigenetic alteration analysis

The cBioPortal database (http://www.cbioportal.org/) was utilized to access the “PanCancer Studies” and “Pan-c
ancer analysis of whole genomes” module to retrieve data on the types and frequencies of genetic variations in
MAGE-A10 across pan-cancer cases. Subsequently, SangerBox 3.0 was employed to visualize the copy number
variations of MAGE-A10 mRNA expression in pan-cancer, followed by an independent analysis of the top 15
genes exhibiting the highest mutation frequencies within the high and low expression groups of MAGE-A10 in
STAD.

DNA methylation analysis

The promoter DNA methylation status of MAGE-A10 in normal and pan-cancer tissues was available from
UALCAN  (http://ualcan.path.uab.edu/analysis.html)?2. MethSurv (http://biit.cs.ut.ee/methsurv/) was an
interactive, user-friendly platform that provided univariate and multivariate survival analyses of DNA
methylation biomarkers based on the TCGA database®.

Functional enrichment analysis

The top 100 MAGE-A10-related genes were retrieved from the “Similar Gene Detection” module of the Gene
Expression Profiling Interactive Analysis (GEPIA2) database(http://gepia2.cancer-pku.cn/)?*. GeneMANIA
(http://www.genemania.org) was a versatile and user-friendly web interface utilized for generating gene function
hypotheses, analyzing gene lists, prioritizing function detection genes?®and visualizing the aforementioned
related genes. The String database (https://string-db.org/) selected 50 experimental interactions of MAGE-A1
0-binding proteins, using a confidence level of 0.150 as the minimum interaction score requirement with Homo
sapiens as the target species, and then displayed them using Cytoscape (version 3.9.0) based on the degree
of interaction. Finally, the R software (version 4.3.0) along with the clusterProfiler, org.Hs.eg.db, and ggplot2

packages were utilized to perform Kyoto Encyclopedia of Genes and Genomes (KEGG)?*?” and Gene Ontology
(GO) analyses of MAGE-A10-binding proteins and co-expressed genes.
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Fig. 1. The flowchart of this study. The comprehensive pan-cancer analysis of MAGEA10 includes gene
expression, Cox regression analysis, mutation, DNA methylation, enrichment analysis, immune-related
analysis, and drug sensitivity analysis. For experimental validation, we used gastric cancer cells to detect the
expression of MAGEA10. The biological function of MAGEA10 and its related signaling pathways were also
explored in gastric cancer cell lines. The experiments included PCR, cell proliferation, cell scratch assay, colony
formation, chamber invasion, and Western blotting.

The correlation between MAGE-A10 expression and the tumor microenvironment (TME) and
immune checkpoints

The tool for integrating tumor immune infiltration and genetic or clinical features was called Tumor Immune
Estimation Resource (TIMER2.0) (http://timer.cistrome.org/)*®. The “immune gene” module was utilized to
examine the correlation of MAGE-A10 with M2 macrophages, natural killer (NK) cells, and cancer-associated
fibroblasts (CAFs). Utilizing scatter plots, it visualized the p and correlation (cor) values obtained from the
refined Spearman rank correlation test. The Tumor Immune Dysfunction and Exclusion (TIDE) database (http:/
/tide.dfci.harvard.edu) gathered and analyzed biomarkers, large-scale histological data from CRISPR screening,
non-immunotherapy tumor profiles, and published ICB trials®**,to investigate the association between
MAGE-A10 and the response to immunotherapy.
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MAGE-A10 expression and its correlation with immune therapy response and drug
sensitivity analysis

The ROC Plotter (http://rocplot.org) was utilized for analyzing transcriptome data and investigating the
correlation between gene expression, chemotherapy response, and biomarker prediction in malignancies
including breast cancer, ovarian cancer, colorectal cancer, and pleomorphic glioblastoma®!. The ROC curve was
employed to evaluate the predictive value of MAGE-A10 expression in cancer treatment response. Additionally,
the NCI-60 cell line and the CellMiner database (https://discover.nci.nih.gov/cellminer/home.do) were used to
investigate the relationship between MAGE-A10 and drug sensitivity*?. RNA-seq expression data and NCI-60
chemical activity data were retrieved, and clinical trials and FDA-approved drugs were chosen. The analysis
utilized the “limma’, “impute”, “ggpubr”, and “ggplot2” packages in R. Ultimately, SangerBox 3.0 was employed to
conduct Pearson analysis and assess the correlation between tumor mutational burden (TMB) and microsatellite
instability (MSI) for each tumor.

Obtain gene expression data profiles for gastric cancer

The GSE54129 dataset, containing 111 samples of gastric cancer tissue and 21 samples of non-cancer tissue, was
acquired from the Gene Expression Omnibus (GEO) database (https://www.ncbi.nlm.nih.gov/). Additionally,
the GDC/TCGA-STAD transcriptome data, consisting of 407 samples, was procured from the UCSC Xena
website (https://xenabrowser.net/datapages/). Subsequently, the dataset was processed and examined to extract
the expression levels of MAGE-A10 in gastric cancer tissues and normal gastric tissues using the tidyverse,
stringr, GEOquery, and limma packages in R software (version 4.3.0). The ggplot2 and ggpubr packages were
employed to graphically represent the data.

Construction of diagnostic models and prognosis analysis

The TCGA-STAD transcriptome data and the GSE54129 expression profile data were used to generate the ROC
curve using the pROC package in R (version 4.3.0). Subsequently, the Kaplan-Meier plotter (https://kmplot.com
/analysis) was used to analyze the overall survival rate (OS) and progression-free survival (PPS) of MAGE-A10.

Gene set enrichment analysis (GSEA)

The TCGA-STAD transcriptome data was used to stratify MAGE-A10 into low and high expression groups
based on the median expression value across all samples. Subsequently, gene set enrichment analysis (GSEA)
was conducted in R software (version 4.3.0) using the R packages tidyverse, clusterProfiler, org.Hs.eg.db, and the
gseGO function. The reference gene set consisted of GO pathways, and significant enrichment was determined
by |NES|>1, p.adjust < 0.05, and FDR value (q-value) <0.25.

Results

MAGE-A10 expression and localization in normal and pan-cancer tissues

Analysis of HPA and Genotype-Tissue Expression (GTEx) data revealed high expression of MAGE-A10 in
normal placental and testicular tissues (Fig. 2A). Immunohistochemical staining exhibited high expression of
MAGE-A10 protein in normal placental and testicular tissues, with localization in the nucleus and cytoplasm
(Fig. 2B). Additionally, immunofluorescence images of the SH-SY5Y human neuroblastoma cell line from the
HPA database confirmed the nuclear and cytoplasmic localization of MAGE-A10 (Fig. 2C), consistent with the
immunohistochemistry results. Subsequent analysis of MAGE-A10 mRNA expression in the TCGA database
identified high expression in 15 types of tumors, including LUAD, COAD, COADREAD, ESCA, STES, KIPAN,
STAD, UCEC, HNSC, KIRC, LUSC, LIHC, READ, BLCA, CHOL (p <0.05, Fig. 2D). Given the limited number
of normal samples in TCGA, an integration with the GTEx database was performed to evaluate MAGE-A10
expression in 27 types of tumors, revealing significant expression differences across these 27 tumors (p <0.05,
Fig. 2E). Subsequently, the CPTAC database was utilized to analyze the variations in MAGE-A10 protein
expression levels in different malignancies. The outcomes indicated that compared to the surrounding normal
tissues, MAGE-A10 protein was upregulated solely in LUSC, HNSC, and UCEC, and notably downregulated in
LUAD (p<0.05, Supplementary Fig. 1).

The prognostic value of MAGE-A10 in pan-cancer

Using the TCGA database, we employed Sangerbox to construct a forest plot and performed univariate Cox
regression analysis to investigate the prognostic relevance of MAGE-A10 in diverse cancer types. Analysis of
overall survival (OS) demonstrated a correlation between elevated MAGE-A10 expression and reduced OS in
STES, KIRP, KIPAN, STAD, KIRC, LIHC, PAAD, and UVM (p <0.05, depicted in Fig. 3A). Subsequent to DSS
analysis in STES, KIRP, KIPAN, STAD, KIRC, LIHC, and UVM, it was disclosed that heightened MAGE-A10
expression posed a high-risk factor for reduced disease-specific survival (DSS) (p <0.05, as evident in Fig. 3B).
Reduced expression of MAGE-A10 led to extended disease-free interval (DFI) in KIRP, STAD, LIHC, STES, and
COADREAD patients (p<0.05, as indicated in Fig. 3C). Analysis of progression-free interval (PFI) revealed a
negative correlation between MAGE-A10 expression and PFI in STES, KIRP, KIPAN, STAD, KIRC, and LIHC
(p<0.05, demonstrated in Fig. 3D).

Epigenetic alteration of MAGE-A10 in pan-cancer

We studied the genetic variants of the MAGE-A10 gene in various cancer tissues on cBioPortal. Figure 4A
indicated that of 2683 samples collected from 2565 patients with diverse cancer types, 193 samples exhibited
MAGE-A10 expression variations, accounting for 7% of all samples. MAGE-A10 exhibited mutation in 45 cancer
types. Figure 4B demonstrated that MAGE-A10 experienced mutations in 31 types of cancer, including stomach
adenocarcinoma (STAD). The predominant variation was “mutation” and “amplification” in the CNA in STAD.
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Fig. 2. Expression and localization of MAGEA10. (A) mRNA expression levels of MAGEA10 in normal tissues
from the HPA database. (B) Representative immunohistochemistry (IHC) images of MAGEA10 in normal
testis and placenta tissues. (C) Subcellular distribution of MAGEA10 based on the HPA database. (D) Analysis
of MAGEA10 mRNA expression in 15 types of tumors and normal tissues. (E) mRNA expression levels of
MAGEAIQO analyzed using the TCGA and GTEx databases.
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Fig. 3. Univariate Cox regression analysis of MAGEA10 with OS, PES, DFS, and DSS in pan-cancer. (A)
Correlation between MAGEA10 expression and overall survival (OS). (B) Disease-specific survival (DSS). (C)
Disease-free survival (DFS). (D) Progression-free survival (PFS).

Subsequently, we investigated the differences between copy number alterations (CNA) of the MAGE-A10 gene
in various cancer tissues and the MAGE-A10 mRNA expression. We detected notable variances in seven tumor
types, including BRCA, ESCA, STES, SARC, STAD, LUSC, and MESO, as illustrated in Fig. 4C. We further
analyzed the spectrum of mutations in the MAGE-A10 high/low expression groups in STAD and detected 15
mutation genes, specifically, these genes include FLG, RYR2, CSMD1, RYR1, and DNAH3, as shown in Fig. 4D.

DNA methylation of MAGE-A10 in pan-cancer
DNA methylation was of great significance in the development, differentiation, and the pathogenesis of diseases,
and was considered one of the characteristics of cancer. DNA methylation primarily targeted CpG islands,

Scientific Reports|  (2025) 15:32077 | https://doi.org/10.1038/s41598-025-17987-y nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

A

MAGEA10 [T

Genetic Alteration [ Ampiification || Deep Detetion | Noaterations ¥ Missense Mutation (unknown significance) | Splice Mutation (unknown significance) 8 Truncating Mutation (unknown significance)

B © Mutation e Ampificaion e Deep Deletion

Absolute Counts

Mutation datal
CNA datal

c ™, *

we emes & e 1 [ & L [ 4 [ T [ T 1 1 [ 1 G
@ Neutral
® Gain
®Loss

Expression

@ Missense_Mutation

MutCount

MuCount?l
0
SampleGroup IN—

SampleGroup:
@ HighExp
@ LowExp

RIMS2(7.

weaon
ANK3(0.03) . .
MDNI(8.7e-

SPEG(0.02) . .
SR('I\I’[U.(!:).
lxx‘KB(éJc-J».

[
AT Mw.oi!. . .
KMe/\(o_osi. .
uuksw.usl .

Fig. 4. Genetic variation analysis of MAGEA10. (A) Genetic alterations of MAGEA10 in pan-cancer tissues,
accounting for 7% of alterations (alterations/profiles = 193/2683). (B) Frequency of MAGEA10 mutation types
in different cancers. (C) Differences in MAGEA10 copy number alterations (CNA) and its mRNA expression
in pan-cancer tissues. (D) The top 15 genes with the highest mutation frequency in the MAGEA10 high
expression group and MAGEA10 low expression group in STAD.

such as gene promoters or enhancer elements. The UALCAN database was utilized to analyze the level of DNA
methylation of the MAGE-A10 promoter. In comparison to normal tissues, tumor tissues showed lower levels
of methylation as observed across BLCA, BRCA, CESC, COD, ESCA, GBM, HNSC, and KIRC, while CHOL
and THYM showed elevated methylation levels (Fig. 5A). The impact of DNA methylation within MAGE-A10
CpG sites on cancer prognosis was investigated using the Methsurv database. The results indicated that the
methylation level at eight CpG sites of the MAGE-A10 gene was associated with cancer prognosis, including
€g25549519, cg04950711, cg05215305, cgl1852385, cgl3492609, cg13994408, cg19964192, and cg26982030
(p<0.05, Supplementary Table 2). Additionally, it demonstrated that the methylation level of the MAGE-A10

Scientific Reports|  (2025) 15:32077 | https://doi.org/10.1038/s41598-025-17987-y nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

‘Survival Probability

Survival Probabilty

Pt mebyain ot o WAGEAO R BLCA

oot neatn o I UAGEAD A BRCA

P aifaonel o UAGEAIDRCESC

Pl neain i A HAGEATI CHOL

[

Ponos seaion e I AGERORESCA

T | o T T o o
—— o
o w é ——— | % T .
o o
H H H 3 H for
£ £ for H fo i
& L H &y; 3 808
o o
o I o ‘ : . | | N |
€L o —_ o
o
- - - - - -
[— [EE—— P —— FECT—— [ —— P——
w o T w | - —
Y —— T — + - 0] —— !
o8- o
o o
— 2 6 .
H jo H H i $ -
Lo s fa H H fa
H HE i i i i
o o
| o I | : | , }
o | w | E | o 1 o
. . L
— f— f— Tochsms f— f—
[S—— B — P——— [T———— (S —— [—
e o ! . \
w - o] — | o] —— os T o
o + o o8 . — o
$or- H é $ o8- S0 $or ;nT
H o H H H dos
dos H dos HE HY H |
o
w I I " I . } w I B |
» | . - o o 4 o -
- f— — - L -
S — L — e —— e ——
. . ! o
.
o - * o — o
o
o8 —— 0s. l ats: ——
5o .
: ==
HE i do - |
B ! ‘ B I
| o I I
o . o -
| o
- f— f— f—
ACC CESC LIHC PAAD
MAGEALO - T55200-Open Sea-cg19964192 MAGEALO - TS5200-Open_Sea-cg19964192 MAGEALO - TS5200-Open_Sea-cg19964192 MAGEALO - TS5200-Open_Sea-cg19964192
2 (R test pralue=7.36.05 LR N test pualue-0.0035 L test palue-0.00057 3 R test pralus-0.016
215 N 0.429 521 1638
‘—\_
3 3 ‘—\ 3
< = \_\_\—\'\— 3 3 .,
s - H £ 3
— Lower (ne29) — Lower (ne221) — Lower (n105) — Lower (-7
o = Haher tnesh o = Hahr (neae) = Hahar tnezrh) B = Hahar tneon
o l00 00 3000 4000 0 1000 2000 3000 4000 5000 6000 0 so0 1000 1500 2000 2500 3000 3500 o s 1000 1s00 2000 200
Survvaltme (days) Surwaltme (days) Surwaltme (days) Surwaltime (days)
SARC SKCM UCEC uwm
MAGEALO - T55200-Open_Sea-cg19964192 MAGEALO - T55200-Open_Sea-cg19964192 MAGEALO - T55200-Open_Sea-cg19964192 MAGEALO - T55200-Open_Sea-cg19964192
2 (test pualue-0.028 3 (test pulue-0.0026 3 (test pralue-0.021 3 L test pualus-0.0064
HR=0.608 HR=0.665 . HR=0.505 HReo2s
L —
< 3. v - e
3 HE . HE H
— Lower (n-65) Lower (n-193) — Lower (n=323) — Lower (nma7)
o = Haher (ne19%) o = Haher (nez69) o = Haher (n-t08) B = Hahar (n-3
o 1000 200 3000 4000 5000 o 2000 4000 6000 8000 10000 O 100 2000 3000 4000 5000 6000 7000 o s 1m0 100 2000 2500

Survival time (days)

Survval time (days)

Survval time (days)

Survval time (days)

Fig. 5. Methylation analysis of MAGEA10. (A) Comparison of MAGEA10 gene promoter methylation levels
between 22 types of tumor tissues and normal tissues in UALCAN. (B) Prognostic relevance of methylation
levels at the MAGEA10 cg19964192 site in different cancers.
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CpG site cg19964192 was positively correlated with the prognosis of ACC, CESC, LIHC, SARC, SKCM, UCEC,
and UVM, but was inversely correlated with prognosis (p <0.05, Fig. 5B).

Functional enrichment analysis

In the study of MAGE-A10’s molecular mechanisms in cancer, we initially retrieved 100 MAGE-A10-related
genes from the TCGA database using GEPIA. Subsequently, these genes underwent further screening and
visualization using GeneMANIA, resulting in the identification of 49 related genes (Fig. 6A). Furthermore, we
obtained 50 proteins that bound to MAGE-A10 from the STRING database and conducted an analysis, arranging
them by degree using Cytoscape (version 3.9.0) (Fig. 6B). Additionally, KEGG and GO enrichment analyses
were performed on the MAGE-A10-related proteins and genes. The KEGG analysis revealed that MAGE-A10
was principally associated with seven signaling pathways, encompassing transcriptional misregulation in
cancer, melanogenesis, tyrosine metabolism, antigen processing and presentation, ATP-dependent chromatin
remodeling, cell adhesion molecules, and primary immunodeficiency (Fig. 6C). The GO analysis indicated
that MAGE-A10 was involved in various biological processes(BP), including pigmentation, developmental
pigmentation, melanin biosynthetic process, melanin metabolic process, and secondary metabolite biosynthetic
process. Moreover, the cellular components(CC) of MAGE-A10-related genes comprised melanosome, pigment
granule, melanosome membrane, chitosome, and pigment granule membrane, while the molecular function(MF)
analysis primarily focused on the process of histone deacetylase binding (Fig. 6D).
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Pan-cancer immunogenicity analysis

The interaction between tumour cells and the tumour microenvironment (TME) played a crucial role in cancer
development??. Tumour-associated macrophages (TAMs) were a significant type of immune cells in the TME
and were considered equivalent to M2 polarized macrophages. They supported tumour cell invasion, metastasis,
and angiogenesis while suppressing antitumour immunity**~3¢. Subsequently, we chose to use CIBERSORT to
evaluate the correlation between levels of MAGE-A10 and M2 macrophages in different cancers. The results
showed that in 7 types of cancer, the levels of MAGE-A10 were positively correlated with M2 macrophages,
including GBM, KIRP, LIHC, OV, READ, SKCM, and SKCM-Primary, whereas the levels of MAGE-A10
were negatively correlated with M2 macrophages in TGCT and ESCA (Fig. 7A).Natural killer (NK) cells were
cytotoxic lymphocytes of the innate immune system, capable of killing virus-infected and/or cancer cells, and
were an important part of cancer immunotherapy®”¢. In GBM, KIRC, KIRP, LIHC, PRAD, READ, TGCT,
SKCM, and SKCM-Primary, the levels of MAGE-A10 were positively correlated with NK cells evaluated by
the MCPCOUNTER algorithm. On the other hand, the level of NK cells decreased as the level of MAGE-A10
in LUSC increased (Fig. 7B).Furthermore, it was demonstrated that cancer-associated fibroblasts (CAFs)
in the stroma of the TME played a role in regulating the function of tumour immune cells**. We used EPIC,
MCPCOUNTER, XCELL, and TIDE to comprehensively assess whether there was a relationship between levels
of MAGE-A10 expression and CAF levels. It was found that CAFs were positively correlated with MAGE-A10
levels in HNSC and HNSC-HPYV, while the opposite trend was observed in TGCT (Fig. 7C).

Significant advances were made in cancer immunotherapy through the use of immune checkpoint blockade
(ICB)*. Nevertheless, a minority of patients responded to ICB treatment in the majority of cancer types***.
Consequently, it was crucial to identify novel immune therapy response markers for cancer immunotherapy.
Comparison of MAGE-A10 with other standardized biomarkers in predicting ICB efficacy revealed that
MAGE-A10 achieved an AUC value exceeding 0.5 in 8 cohorts and was more effective in forecasting immune
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therapy outcomes for glioblastoma and melanoma patients (Fig. 8A). Elevated MAGE-A10 expression in
the Nathanson2017_CTLA4 cohort impacted CTLA4 in melanoma patients and extended overall survival
(Supplementary Fig. 2). CD$ cytotoxic T lymphocytes (CTL) are immune cells that target tumors*!. Dysfunction

of CTL promoted the development of adaptive immune resistance, leading to tumor immune evasion®*.

42

Our analysis using the TIDE database revealed the association between MAGE-A10 and CTL dysfunction.
MAGE-A10 demonstrated a positive correlation with the degree of CTL dysfunction in multiple cancer types;
however, in specific cancer types, it displayed a negative correlation (Fig. 8B). Furthermore, elevated MAGE-A10
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expression in GSE1427-AML resulted in enhanced CTL infiltration, benefiting anti-tumor immunity and
prolonging patient survival and clinical treatment benefits, whereas low MAGE-A10 expression did not produce
these outcomes (Fig. 8C). It is noteworthy that decreased MAGE-A10 expression in GSE13507-Bladder cancer
was associated with reduced CTL infiltration; nevertheless, it extended patient survival (Fig. 8D).

Drug sensitivity analysis

The analysis of the transcriptome revealed that high MAGE-A10 expression in Breast cancer and Colorectal
carcinoma was associated with chemoresistance, whereas low expression in Ovarian cancer was linked to
reduced chemotherapy efficacy. In Glioblastoma multiforme, MAGE-A10 expression did not significantly
affect the response to chemotherapy (Fig. 9A). Furthermore, the CellMiner database was employed to explore
the relationship between MAGE-A10 expression levels and drug sensitivity. The results showed a positive
correlation between MAGE-A10 expression levels and the sensitivity to specific drugs, such as PD-98,059,
Nandrolone phenpropionate, GW-5074, and ARRY-162. Conversely, the sensitivity to another 21 drugs,
including PYRAZOLOACRIDINE, RH1, and Floxuridine, was inversely correlated with MAGE-A10 expression
levels (Fig. 9B). These findings strongly linked MAGE-A10 expression with specific anti-tumor drugs, such as
Floxuridine, 6-Mercaptopurine, Intedanib, VINORELBINE, Fluorouracil, Idarubicin, MITOXANTRONE, and
METHOTREXATE.Finally, in the context of TMB and MSI being predictive factors for immunotherapy**we
investigated the relationship between MAGE-A10 expression and TMB, as well as its correlation with MSL
Pearson correlation analysis illustrated a positive correlation between MAGE-A10 expression and TMB in
LUAD (R=0.3888, P=2.58¢-9), HNSC (R=0.2342, P=0.0001), LUSC (R=0.1234, P=0.0154), and BLCA
(R=0.1323, P=0.0261), and a negative correlation between MAGE-A10 expression and TMB in STES (R=-
0.1309, P=0.0227) (Fig. 9C). Additionally, in CESC (R=0.1583, P=0.0259) and HNSC (R=0.1474, P=0.0157),
MAGE-A10 expression levels demonstrated a positive correlation with MSI, while STES (R=-0.1730, P=0.0024)
and STAD (R=-0.1774, P=0.0128) exhibited a negative correlation with MSI (Fig. 9D).

The expression, prognosis, and function of MAGE-A10 in gastric cancer

Based on prior research, the gene MAGE-A10 was significantly expressed in stomach cancer. Survival analysis
demonstrated a strong correlation between MAGE-A10 expression and the overall survival (OS) (p=6.6e-3),
disease-specific survival (DSS) (p =3.9e-4), progression-free survival (PFS) (p =3.4e-3), and disease-free survival
(DEFS) (p=1.4e-3), and these correlations were also found to be significant in the analysis of TMB and MSI. This
was further validated in the GSE54129 dataset (n=132) and TCGA-STAD dataset (n=405). In comparison with
normal tissue, the mRNA expression levels of MAGE-A10 were higher in STAD, with the respective areas under
the ROC curve being 0.648 and 0.680, indicating that MAGE-A10 had significant diagnostic efficacy in STAD
(p<0.05, Fig. 10A-B). To comprehensively evaluate the relationship between high MAGE-A10 expression and the
prognosis of STAD patients, we assessed the prognostic association of MAGE-A10 in stomach cancer using the
Kaplan-Meier Plotter (Fig. 10C). The study results showed that when MAGE-A10 expression was upregulated,
STAD patients had a shorter OS (logrank p=1.34e-14) and post-progression survival (PPS) outcomes (logrank
P=5.7e—13). Following this, GSEA enrichment analysis of MAGE-A10 in stomach cancer was conducted based
on the TCGA-STAD database. The results, as shown in Fig. 10D, indicated a close association between the high
expression of MAGE-A10 and binding to histone deacetylases (NES=2.037, p.adjust=0.018).

Knockdown of MAGE-A10 inhibits the proliferation, migration, and invasion of gastric cancer
cells

To validate the role of MAGE-A10 in gastric cancer cells, we first analyzed CCLE data and observed that
MAGE-A10 is among the top ten expressed cell lines in gastric cancer, as visualized in Fig. 11A. Due to the
unavailability of these high-expression cell lines, we chose the commonly used HGC-27 cell line, which has
relatively high expression, for subsequent experiments. Additionally, we verified the expression of MAGE-A10
in other gastric cancer cell lines (AGC, MGC-803, and MKN-45) and normal gastric cell line (GES-1) using
RT-PCR and Western blot, as shown in the supplementary Fig. 3.Next, we transfected HGC-27 cells with three
siRNA knockdown vectors and performed RT-PCR and Western blot analyses. As shown in Fig. 11B-D, the
mRNA and protein expression levels in the transfected groups were significantly reduced compared to the
control group, with si-MAGE-A10#3 exhibiting the highest knockdown efficiency, thus it was selected for further
experiments. The impact of MAGE-A10 on the proliferation of gastric cancer cells was validated by CCK-8 assay
(Fig. 11E) and colony formation assay (Fig. 11F, J). Results showed that MAGE-A10 knockdown significantly
reduced the proliferation capacity of gastric cancer cells, which was also supported by the colony formation
assay.Subsequently, we tested the migration and invasion abilities of cells after MAGE-A10 knockdown using cell
scratch assay and chamber invasion assay. Results indicated that the migration and invasion abilities of HGC-27
cells were significantly weakened after MAGE-A10 knockdown (Fig. 11G-H and K-L). Finally, we examined the
expression of metastasis-related proteins after MAGE-A10 knockdown by Western blot. As shown in Fig. 10I,
when MAGE-A10 expression was suppressed, E-cadherin levels increased, N-cadherin levels decreased, and
vimentin expression remained unchanged.

Discussion

MAGE-A10 was a member of the cancer/testis antigens (CTAs) family, aberrantly expressed in various
cancers and considered a potential target for immunotherapy®’. Recent studies reported T-cell receptor (TCR)
engineering targeting MAGE-A10 antigens, where moderate engineering modifications produced clinically safe
and high-affinity enhanced TCR T-cell therapies**. Additionally, in a phase I clinical trial for advanced non-
small cell lung cancer (NSCLC), preliminary clinical trial results of ADP-A2M10 specific peptide-enhanced
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affinity receptor (SPEAR) T-cell therapy targeting MAGE-A10 positive patients demonstrated its safety and
potential efficacy®. In summary, research on MAGE-A10 as an immunotherapy target was actively ongoing.

In our study, we first analyzed MAGE-A10 expression in normal tissues using the HPA database and found
high mRNA and protein levels in the placenta and testis, localized to the nucleus and cytoplasm.A pan-cancer
analysis using TCGA and GTEx showed that MAGE-A10 was upregulated in most tumors (such as LUAD,
LUSC, BLCA, CHOL, LIHC, and STES), consistent with previous studies.COX regression analysis revealed that
high MAGE-A10 expression in STAD, STES, KIRP, and LIHC was linked to reduced OS, DSS, DFI, and PFIL.
In KIPAN and KIRC, high MAGE-A10 expression was also associated with reduced OS, DSS, and PFL.These
findings suggest that MAGE-A10 may serve as a reliable biomarker.

Gene sequence mutations contributed to tumor development. Acha-Sagredo A et al. highlighted the need
to consider somatic variations in early cancer detection and prevention*®. Therefore, we analyzed MAGE-A10
mutations in 45 cancer types and identified mutations in 31, including STAD. We then examined the relationship
between MAGE-A10 copy number variations (CNAs) and mRNA expression across cancers, finding significant
differences in seven types, including STAD. This suggested that MAGE-A10 expression might be regulated by a
complex genetic background, with CNAs as potential key factors. Further analysis showed frequent mutations
in 15 genes, such as FLG, RYR2, CSMDI, RYR1, and DNAH3, in both high and low MAGE-A10 expression
groups in STAD. These mutations may relate to MAGE-A10 regulation and cancer development, offering new
insights into STAD mechanisms. DNA methylation was an epigenetic modification that could be stably inherited
without altering the DNA sequence. Disruption of DNA methylation control mechanisms led to various diseases,
including cancer. Cancer cells typically exhibited global hypomethylation and hypermethylation of specific CpG
islands, providing a molecular basis for cancer classification?’*8. Considering its role in cancer progression
and diagnosis, we first analyzed MAGE-A10 methylation in cancers and normal tissues. MAGE-A10 showed
hypomethylation in 20 cancers, including STAD, and hypermethylation in CHOL and THYM. This indicated
heterogeneous methylation patterns of MAGE-A10 across cancers, potentially influencing cancer cell behavior.
Methylation of CpG islands in promoter regions generally silences gene expression*’. However, in CHOL,
PRAD, TGCT, and THCA, MAGE-A10 gene expression levels were positively correlated with DNA methylation
levels. We speculated that this might have been similar to the findings of Harris et al., where DNA methylation
could activate gene expression®. This suggests a more complex mechanism behind DNA methylation’s effect
on MAGE-A10 expression, warranting further study. We then assessed how methylation at MAGE-A10 CpG
sites affects prognosis across cancers, identifying eight sites (e.g., cg19964192) linked to outcomes. Specifically,
cg19964192 methylation correlated positively with prognosis in ACC, CESC, LIHC, SARC, SKCM, UCEC, and
UVM, but negatively in PAAD.

We conducted GO and KEGG enrichment analyses to explore the molecular mechanisms of MAGE-A10
in cancer. KEGG analysis suggested that MAGE-A10 might be involved in transcriptional dysregulation,
melanogenesis, tyrosine metabolism, antigen processing, ATP-dependent chromatin remodeling, cell adhesion,
and primary immunodeficiency. The GO enrichment analysis suggested that MAGE-A10 was primarily associated
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Fig. 11. Knockdown of MAGEA10 inhibits the proliferation, migration, and invasion of HGC-27 gastric
cancer cells in vitro. (A) Expression levels of MAGEA10 in different STAD cell lines. (B) RT-PCR validation
of MAGEA10 knockdown efficiency in HGC-27 cells. (C) Western blot validation of MAGEA10 knockdown
efficiency in HGC-27 cells. (D) Statistical analysis of grayscale values from three repeated Western blot
experiments. (E) CCK-8 assay to analyze the effect of MAGEA10 knockdown on cell proliferation. (F-H)
Analysis of the effects of MAGEA10 knockdown on cell proliferation, migration, and invasion through colony
formation, cell scratch, and chamber invasion assays. (I) Western blotting to detect the effect of MAGEA10
knockdown on metastasis-related proteins. (J-L) Statistical analysis of results from three independent
experiments of colony formation, cell scratch, and chamber invasion assays. Symbols ns, *, **, ***, and ****
indicate not significant, P<0.05, P<0.01, P<0.001, and P<0.0001, respectively.

with histone deacetylase binding. These results implied that MAGE-A10 might play a role in cancer development
by influencing gene expression regulation, cell differentiation, and immune responses. Although there were
currently few studies on the function of MAGE-A10, further experimental validation of these bioinformatics
predictions could help us better understand the specific role of MAGE-A10 in cancer development. This would
provide an important theoretical basis for developing new cancer treatment strategies.

Immune checkpoint blockade (ICB) therapy, by blocking inhibitory receptors such as CTLA4 and PD1 on T
cells, restored anti-tumor immune responses and achieved success in treating various cancers®*2. MAGE-A10
was associated with levels of M2-type tumor-associated macrophages (M2-TAM), neutrophils, and cancer-
associated fibroblasts (CAF) in several cancers. We speculated that high expression of MAGE-A10 might have
promoted immune evasion and treatment resistance in these cancers by promoting the infiltration of M2-TAM
and neutrophils and leading to cytotoxic T lymphocyte (CTL) dysfunction. Computational models and public
datasets have become valuable tools for predicting immunotherapy response and guiding personalized treatment
strategies®”>>.When comparing the differences between MAGE-A10 and other standardized biomarkers in
predicting the efficacy of ICB therapy, we found that MAGE-A10 had an AUC value exceeding 0.5 in eight
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immunotherapy cohorts and showed more significant performance in predicting the efficacy of immunotherapy
in patients with glioma and melanoma. MAGE-A10 expression positively correlated with CTL dysfunction in
several malignancies, including acute myeloid leukemia (AML) and bladder cancer, but displayed an inverse
relationship in melanoma, ovarian cancer, lung adenocarcinoma (LUAD), and lung squamous carcinoma (LUSC).
In the dataset GSE1427-AML, high expression of MAGE-A10 was associated with increased CTL infiltration,
extending the survival and improving the clinical outcomes of these patients. In contrast, in GSE13507-bladder
cancer, low MAGE-A10 expression correlated with reduced CTL infiltration but was paradoxically associated
with improved survival. These findings suggest a context-dependent role for MAGE-A10 in bladder cancer,
warranting further mechanistic investigation. We next performed a drug sensitivity analysis to assess the clinical
implications of MAGE-A10 expression. In breast and colorectal cancers, low MAGE-A10 expression was
associated with reduced chemotherapy resistance. Conversely, in ovarian cancer, low MAGE-A10 expression
correlated with reduced chemotherapy benefit. In glioblastoma multiforme, the expression of MAGE-A10 did
not show a significant difference in chemotherapy response. Furthermore, we found that high expression of
MAGE-A10 was negatively correlated with the sensitivity to 21 drugs. Notably, high MAGE-A10 expression
conferred increased resistance to key chemotherapeutics, including Floxuridine, 6-Mercaptopurine, Intedanib,
Vinorelbine, Fluorouracil, Idarubicin, Mitoxantrone, and Methotrexate. These findings offer a rationale for
developing MAGE-A10-targeted therapeutic strategies in selected cancers. Finally, we examined associations
between MAGE-A10 expression, tumor mutational burden (TMB), and microsatellite instability (MSI) across
cancer types. Collectively, our results support MAGE-A10 as a potential predictive and prognostic biomarker
for immunotherapy.

Gastric cancer is one of the most common malignancies worldwide. Due to the lack of early symptoms and
regular screening, most patients are diagnosed at an advanced stage. Improving early diagnosis rates, optimizing
treatment plans, and overcoming resistance to immune checkpoint inhibitors are future research directions for
gastric cancer treatment™ Previous related studies indicated that MAGE-A10 might be an important molecular
driver in the development of gastric cancer. Therefore, in this study, we comprehensively investigated the
expression pattern, diagnostic potential, prognostic significance, and functional role of MAGE-A10 in gastric
cancer. Firstly, Analysis of publicly available datasets (GSE54129 and TCGA-STAD) revealed significantly
elevated MAGE-A10 expression in gastric cancer tissues compared to adjacent normal counterparts. Receiver
operating characteristic (ROC) curve analysis demonstrated robust diagnostic discrimination, supporting
the utility of MAGE-A10 as a potential biomarker for early detection. Kaplan-Meier survival analysis further
indicated that high MAGE-A10 expression was significantly associated with reduced overall survival (OS) and
progression-free survival (PFS), aligning with previous observations and highlighting its prognostic relevance
in gastric cancer. Additionally, Gene set enrichment analysis (GSEA) revealed a strong association between
MAGE-A10 expression and histone deacetylase (HDAC) binding, implicating epigenetic modulation as a
potential mechanism underlying its oncogenic effects. Consistent with these findings, prior research by Badie
et al. reported aberrant HDAC expression in gastric cancer, suggesting a possible cooperative role in tumor
progression®. Finally, To experimentally validate the functional role of MAGE-A10, we performed siRNA-
mediated knockdown in the HGC-27 gastric cancer cell line. Silencing MAGE-A10 significantly suppressed
cellular proliferation, migration, and invasion. Western blot analysis suggested that these phenotypic effects may
be partially mediated through alterations in cell adhesion molecule activity. KEGG pathway analysis of MAGE-
Al0-associated genes and proteins indicated enrichment in cell adhesion molecule pathways. These molecules—
comprising integrins, selectins, cadherins, and members of the immunoglobulin superfamily (IgSF)—are
essential mediators of intercellular adhesion, signal transduction, and migratory behavior. Dysregulation within
this network can perturb immune cell trafficking and effector function within the tumor microenvironment,
ultimately influencing anti-tumor immunity®. Collectively, these findings underscore the therapeutic potential
of MAGE-A10 and provide a mechanistic basis for its targeting in future gastric cancer treatment strategies.
Despite these promising findings, our study has several limitations. While MAGE-A10 appears to be involved in
shaping the immune microenvironment, its precise relationship with immune infiltration remains insufficiently
characterized and lacks experimental validation against established immunological markers. Moreover,
although our data suggest that MAGE-A10 may modulate cadherin-mediated signaling to influence tumor cell
behavior, the exact regulatory mechanisms remain to be elucidated. Future studies employing in vivo models
and mechanistic assays are warranted to define these pathways more precisely.

Conclusion

In summary, MAGE-A10 is a potential tumor prognostic biomarker and immunotherapy target. We identified the
expression, prognosis, and function of MAGE-A10 in gastric cancer, finding that it stimulates the proliferation,
migration, and invasion of gastric cancer cells in vitro and might influence gastric cancer invasion and metastasis
through the dysregulation of cadherins in cell adhesion molecules (CAMs). These findings provide new insights
into the role of MAGE-A10 in gastric cancer and support further research on its potential as a therapeutic target
and diagnostic marker.

Data availability
The datasets used and/or analysed during the current study available from the corresponding author on reason-
able request.
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