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Abstract
Gastric adenocarcinoma (GAC) remains one of the deadliest malignancies worldwide, 
and the identification of molecular biomarkers is essential to improve prognostic 
stratification and guide therapeutic strategies. Cancer-testis antigens (CTAs) represent 
promising targets for immunotherapy, yet their expression landscape in GAC remains 
limited, especially when considering comprehensive and updated gene lists. In this 
study, we analyzed 389 samples, including tumor, peritumoral, metaplastic, and 
normal tissues, using RNA sequencing data to characterize the transcriptional profile 
of CTAs in GAC. We identified 104 CTAs differentially expressed among groups, with 
a predominance of upregulated genes in tumors compared with other tissues. The 
expression of several CTAs, such as MAGEA2, MAGEA3, MAGEA6, MAGEA12, CTCFL, 
IGF2BP1, and GAST, showed significant associations with clinically relevant variables, 
including tumor–node–metastasis staging, lymph node involvement, metastasis, 
histological subtype, and therapeutic management. Survival analysis revealed 17 CTA 
genes associated with overall survival, of which 14 correlated with poor prognosis, 
whereas PIK3R3, SYCE1L, and ZNF683 demonstrated a protective effect. Co-expression 
analysis identified five well-defined functional modules, reflecting coordinated 
CTA signatures related to germline reprogramming, proliferation, and immune 
remodeling within the tumor microenvironment. Collectively, our results provide 
the most comprehensive characterization of CTAs in GAC to date, highlighting genes 
with clinical relevance, prognostic value, and translational potential as candidates for 
future personalized immunotherapeutic approaches.
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1. Introduction
Gastric adenocarcinoma (GAC) remains a persistent global 
public health challenge, ranking as the fourth leading cause 
of cancer-related mortality worldwide.1 Most patients have 
an unfavorable prognosis, with five-year survival rates 
ranging from 20% to 30% in most regions of the world,2 
primarily due to late diagnosis.3

For resectable GAC or gastroesophageal junction 
tumors, perioperative fluorouracil, leucovorin, oxaliplatin, 
and docetaxel (FLOT) remains a standard regimen, 
although recurrence remains common. Recently, the 
phase III MATTERHORN clinical trial demonstrated 
that adding durvalumab (anti-programmed death-ligand 
1) to perioperative FLOT improved pathologic complete 
response and event-free survival in patients with potentially 
curable disease.4

Over the past decades, immunotherapy has emerged 
as an alternative for cancers that do not respond to 
conventional treatments, representing a promising 
therapeutic strategy to improve outcomes for patients 
with GAC. Accordingly, recent research has increasingly 
focused on selective targeted therapies, immunotherapies, 
and the identification of predictive biomarkers and 
therapeutic targets.5-7

Cancer-testis antigens (CTAs) are proteins encoded by 
genes whose expression is normally restricted to germline 
and trophoblastic tissues but aberrantly re-expressed 
in multiple cancers.8 CTAs have been implicated in 
tumorigenesis, therapy resistance, and metastatic 
progression.9,10 They participate in multiple cancer-related 
cellular pathways and contribute to nearly all hallmarks of 
cancer, including both the original and emerging ones.11

Moreover, CTAs exhibit unique characteristics that 
position them as attractive targets for immune-directed 
cancer therapies.12 The testis and placenta, the tissues in 
which they are expressed, are immunoprivileged sites due 
to the presence of the blood–testis and blood–placental 
barriers, which limit immune system access and prevent 
the establishment of long-lasting immune tolerance to 
these antigens.13 Therefore, when CTAs are aberrantly 
expressed in other tissues, they are recognized as “non-self ” 
and trigger cytotoxic T lymphocyte responses, eliciting 
an antitumor immune reaction.14 Consequently, CTAs 
are currently being evaluated in a wide range of clinical 
trials aimed at developing new immunotherapy-based 
strategies, including therapeutic vaccines and chimeric 
antigen receptor (CAR)-T cell approaches, underscoring 
their translational potential.15-17

In 2009, more than 200 CTA-encoding genes were 
catalogued in a dedicated database (http://www.cta.lncc.

br/).18 Currently, new technologies have led to a substantial 
expansion in the number of identified CTAs,19 although 
these newly described genes have not been incorporated 
into the database. Because no clear and up-to-date registry 
of CTA genes is currently available, many studies of CTA 
expression in cancer still rely on outdated gene lists,20,21 
limiting interpretation and reproducibility.

Advances in next-generation sequencing technologies 
have enabled comprehensive transcriptomic analyses, 
allowing the identification of specific expression patterns 
and the detection of differentially expressed genes (DEGs), 
thereby providing valuable insights into the discovery of 
potential biomarkers and novel therapeutic targets.22,23 
The integration of newly generated data with existing 
knowledge may offer additional benefits for gastric tumor 
immunotherapy in the coming years.24

In this study, we investigated the transcriptional profile 
of CTAs by analyzing their differential expression in 
GAC tissues, peritumoral tissue (PTT), metaplastic (MP) 
tissue, and normal tissue without neoplastic lesions. The 
resulting DEGs were correlated with clinical variables, as 
well as their impact on overall survival (OS). Additionally, 
we constructed co-expression networks to explore the 
functional interactions between CTAs and partner genes. 
This study provides comprehensive insights into CTAs in 
GAC and highlights their relevance as potential biomarkers 
and therapeutic targets for immunotherapy.

2. Methods  
2.1. Ethical considerations and sample 
characterization

A total of 389 samples from patients in the Brazilian Amazon 
region (Northern Brazil) were collected and classified into 
four categories: 156 GAC samples, comprising both Lauren 
histological types, as well as Epstein–Barr virus-positive 
and -negative tumors and Helicobacter pylori-positive 
and -negative tumors; 186 samples of PTT adjacent to the 
tumor; 20 samples of MP, a precursor condition that may 
progress to gastric cancer (GC); and 27 samples of gastric 
mucosa without neoplastic lesions (control samples) 
obtained from patients undergoing upper gastrointestinal 
endoscopy for other clinical indications at João de Barros 
Barreto University Hospital (HUJBB) and Ophir Loyola 
Hospital (HOL).

During gastric resection, 0.5 cm fragments were 
collected from each tumor, 0.5 cm fragments from MP 
tissue, and an additional 0.5 cm fragment located at 
least 5 cm from the macroscopic tumor margins for 
cases included in the PTT analysis. For patients without 
neoplastic lesions, 4 mm tissue fragments were obtained 
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through endoscopic biopsy. All samples were stored in 
RNAlater and subsequently preserved at −80 °C.

The medical records of all patients included in this 
study were reviewed to obtain clinical data such as sex, 
age, Lauren histological subtype, tumor–node–metastasis 
(TNM) staging, tumor location, therapeutic management, 
and T, N, and M categories (Table 1). Individuals were 
recruited at HUJBB and HOL. All participants signed an 
informed consent form, voluntarily agreed to participate, 
and were informed about the objectives of the study. 
The conduct of this study was approved by the Research 
Ethics Committee under protocol number CAAE 
47580121.9.0000.5634.

2.2. Total RNA extraction 

Total RNA was extracted from tissue samples using TRIzol® 
(Thermo Fisher Scientific, United States of America 
[USA]), following the manufacturer’s instructions. 
Initially, approximately 50–100 mg of tissue from each 
sample was homogenized, and 1 mL of TRIzol was then 
added to the processed tissue at room temperature. RNA 
integrity and concentration were assessed using the Qubit 
4.0 Fluorometer (Thermo Fisher Scientific, USA) and the 
NanoDrop ND-1000 spectrophotometer (Thermo Fisher 
Scientific, USA). The ideal criteria for RNA integrity were 
A260/A280 ratios between 1.8 and 2.2, A260/A230 ratios > 
1.8, and an RNA integrity number ≥ 5. The extracted total 
RNA was stored at −80 °C until further use.

2.3. Library preparation and next-generation 
sequencing

Library preparation was performed using 1 μg of total 
RNA per sample in a total volume of 10 μL, employing the 
TruSeq Stranded Total RNA Library Prep Kit with Ribo-
Zero Gold (20040529, Illumina, USA) according to the 
manufacturer’s instructions. After library construction, 
integrity was reassessed using the 2,200 TapeStation 
System (Agilent, USA), and the final product displayed a 
band of approximately 260 base pairs. cDNA libraries were 
sequenced on the Illumina NextSeq platform in paired-end 
mode (NextSeq 500 System Illumina, USA). Sequencing 
was carried out using the commercial NextSeq® 500 ID 
Output V2—150 cycles kit (20024907, Illumina, USA) 
under the conditions specified by the manufacturer.

2.4. Quality control, alignment, and quantification

RNA sequencing (RNA-Seq) data were processed using the 
nf-core/rnaseq pipeline25 to ensure greater reproducibility 
and consistency in the analyses. Reads obtained were 
converted to FASTQ format using Reporter software, with 
all sequences and quality scores encoded in ASCII. Read 
quality was assessed using FastQC (v0.11.9), followed 

by removal of adapters and low-quality reads with 
Trimmomatic,26 applying a minimum Phred quality score 
threshold of QV15. Reads were filtered and aligned to the 
human transcriptome reference (hg38), annotated with 
GENCODE (v42), using STAR (v2.7.10a), generating BAM 
files. Subsequently, transcript abundance was quantified 
using Salmon (v1.5.2)27 in two steps: quantification of 
mRNAs using FASTA sequences of human protein-
coding transcripts, and identification of ncRNAs using 
FASTA sequences of non-coding transcripts. The resulting 
transcript abundances were imported into R (v4.5.1; 
https://www.r-project.org)28 using the Tximport package.29

2.5. Differential transcript expression analysis

The resulting count matrices were normalized, and 
transcript abundance at the gene level was estimated using 
the DESeq230 package in RStudio. Differential expression 
analysis was performed considering the four sample groups 
(GAC, PTT, MP, and normal), with comparisons conducted 
through specific contrasts between the groups of interest. 
Transcripts with |log2(fold change)| (L2FC) > 2 and an 
adjusted p-value < 0.05 were considered differentially 
expressed, and results were visualized using volcano plots. 
Global expression of CTA genes across the groups was 
represented with boxplots, and differences were assessed 
using the Kruskal–Wallis test. For downstream analyses, 
variance-stabilized and batch-corrected expression values 
were used to test gene associations with clinical variables, 
OS analysis, and construction of correlation networks.

2.6. Cancer-testis antigen gene selection

In this study, a comprehensive list of 1,103 putative CTA 
genes, previously described by Silva et al.,19 was used. In 
that work, the authors identified genes with preferential or 
exclusive expression in the testis based on RNA-Seq data 
from the Human Body Map, Genotype-Tissue Expression 
Project, and Human Protein Atlas databases. As a selection 
criterion, a proportional score ≥ 0.9 was considered, 
indicating that at least 90% of the total gene expression 
across the evaluated tissues was derived from the testis. 
Therefore, for subsequent analyses, we directly adopted 
this previously established list of CTAs (n = 1,103 genes).

2.7. Functional enrichment analysis

Gene Ontology (GO) enrichment analysis was performed 
using an overrepresentation approach implemented in the 
clusterProfiler package, based on the top 15 DEGs and 
upregulated genes identified in the comparison between 
GAC and PTT, presented in Table 2. These genes were used 
as input, and the background universe was defined as all 
genes present in the tumor expression matrix normalized 
by variance-stabilizing transformation. Gene symbols were 
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converted to Entrez IDs using org.Hs.eg.db. Biological 
process terms were tested with enrichGO(), applying 
the Benjamini–Hochberg correction, and terms with an 
adjusted p-value ≤ 0.05 were considered significant. The 
main enriched categories were visualized using scatter 
plots.

2.8. Association of cancer-testis antigens with 
clinical variables

Normalized data were used to assess the relationship 
between CTA gene expression in GAC and (i) pathological 
variables: Lauren histological subtype, therapeutic 
management, TNM staging, and T, N, and M categories; 
and (ii) epidemiological characteristics: sex and age. 
Statistical associations were evaluated using DESeq2 in 
RStudio (adjusted p-value < 0.05), with multiple testing 
controlled by the Benjamini–Hochberg false discovery 
rate (FDR) procedure, and univariate designs of the form ~ 
clinical_variable. The Wilcoxon test (p < 0.05) was applied 
between pairs of clinical variables as a complementary 
approach. Results were visualized using boxplots.

2.9. Survival analysis

For OS analysis, univariate Cox regression models with 
95% confidence intervals were used via the Survival 
package in R. The p-values were obtained from both the 
log-rank test and the Cox model, and the corresponding 
hazard ratios (HRs) were reported. p-values were 
adjusted for multiple comparisons using FDR correction 
(Benjamini–Hochberg), and genes with adjusted p-values 
< 0.05 were considered significant. Kaplan–Meier curves 
were generated using the Survminer package to visualize 
differences in survival between high and low gene 
expression groups.

2.10. Construction of co-expression networks

Using the variance-stabilized expression matrix, Spearman 
correlations (ρ) were calculated exclusively across tumor 
samples. CTAs previously identified as DEGs between 
tumor and non-tumor samples were defined as target 
genes. For each CTA, ρ was calculated between its 
expression and that of all other genes, selecting the five 
partners with the highest |ρ| for each target. This strategy 
allowed the analysis to focus on the most informative local 
network context of each CTA, reducing noise and multiple 
testing issues, while generating a biologically interpretable 
subnetwork. Subsequently, an undirected graph weighted 
by |ρ| was constructed, preserving the correlation sign 
as an edge attribute, and a |ρ| ≥ 0.30 filter was applied to 
retain only relevant associations.

Cluster detection was performed using the Leiden 
algorithm under the Constant Potts Model, prioritizing 

the identification of co-expression macro modules 
surrounding CTAs, which are useful for generating 
hypotheses of gene co-regulation and involvement in 
shared pathways. The layout for visualization was obtained 
using the layout_with_graphopt function from the igraph 
package (version 1.3.5), and networks were rendered with 
the ggraph package (version 2.2.2).

3. Results
3.1. Differential expression of cancer-testis antigens

Among patients with available clinical data, the cohort 
of 156 individuals with GAC was primarily composed 
of patients aged 60–69 years (20.5%), and male patients 
constituted the largest reported sex subgroup (47.4%). Most 
patients presented with stage III disease according to the 
clinical TNM (cTNM) system (28.2%). When evaluated by 
T, N, and M categories, the majority were classified as T4 
(33.3%), N3 (26.9%), and M0 (51.9%). Regarding Lauren’s 
classification, 48.1% were intestinal type and 22.4% were 
diffuse type. Most tumors were located in non-cardia 
regions (60.9%; Table 1).

The flowchart in Figure 1 illustrates the steps of the 
analysis. The study included 389 samples divided among 
GAC tissues (156), PTT (186), MP (20), and normal 
tissues (27). Comparison of gene expression profiles 
between these groups led to the identification of 104 DEGs 
belonging to the previously defined list of CTAs, according 
to the cohort criteria. The differential expression analysis 
performed using the DESeq2 package in R is presented in 
Figure 2.

Comparison between cancer and PTT identified 14 
CTA DEGs, of which 71.43% (10/14) were upregulated, 
and 28.57% (4/14) were downregulated (Figure 2A). 
Comparing cancer and metaplasia revealed 47 DEGs, 
with 91.49% (43/47) upregulated and only 8.51% (4/47) 
downregulated (Figure 2B). Analysis between tumor tissue 
and normal tissue identified 81 DEGs, with 58.02% (47/81) 
upregulated and 41.98% (34/81) downregulated (Figure 
2C). CTA gene expression was also compared between 
PTT and metaplasia, resulting in 39 DEGs, comprising 
92.31% (36/39) upregulated genes and 7.69% (3/39) 
downregulated genes (Figure 2D).

The distribution of global CTA gene expression levels 
across different tissue types is shown in Figure 3. Highlighted 
genes were selected based on statistical and/or biological 
relevance. Most evaluated genes exhibited significant 
differences in expression between groups (Kruskal–Wallis, 
p < 0.05). Several CTAs, including members of the MAGE 
and DAZ families, showed significantly higher expression 
in GAC compared with normal tissue. In PTT, expression 
levels were often intermediate, suggesting a tumor 
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influence on the peritumoral microenvironment. Some 
genes showed no significant variation, indicating non-
specific expression.

Table 1. Clinicopathological characteristics of patients (N = 
156) with gastric adenocarcinoma

Characteristics Category n (%) 

Age

30–39 8 (5.1)

40–49 18 (11.5)

50–59 29 (18.6)

60–69 32 (20.5)

70–79 23 (14.7)

≥80 8 (5.1)

Not available 38 (24.4)

Gender

Female 44 (28.2)

Male 74 (47.4)

Not available 38 (24.4)

TNM stage

I 5 (3.2)

II 30 (19.2)

III 44 (28.2)

IV 30 (19.2)

Not available 47 (30.1)

T stage

T1 7 (4.5)

T2 13 (8.3)

T3 42 (26.9)

T4 52 (33.3)

Not available 42 (26.9)

N stage

N0 23 (14.7)

N1 25 (16.0)

N2 26 (16.7)

N3 42 (26.9)

Not available 40 (25.6)

M stage

M0 81 (51.9)

M1 30 (19.2)

Not available 45 (28.9)

Lauren type

Diffuse 35 (22.4)

Intestinal 75 (48.1)

Not available 46 (29.5)

Tumor location

Cardia 21 (13.5)

Non-cardia 95 (60.9)

Not available 40 (25.6)

Abbreviations: n: Number of cases; N:  Total number of samples in the 
gastric adenocarcinoma group.

Additionally, pronounced intra-group heterogeneity 
was observed, reflected by the wide dispersion of individual 
values across all tissues. This variability is consistent 
with the biological diversity of GC, including differences 
among patients, molecular subtypes, and heterogeneous 
cellular composition. These findings highlight the need for 
further validation in stratified cohorts and reinforce the 
superiority of multigene panels over individual markers 
for more robust characterization.

Among the 486 upregulated DEGs in the comparison 
between GAC and PTT, 4 CTAs were identified among 
the 15 most highly expressed genes in tumors (Table 2). 
Notably, MAGEA3 ranked 6th with an L2FC > 8, followed 
by MAGEA6 in 8th place (L2FC > 7). GOLGA6L1 and 
MAGEA2 were ranked 11th and 13th, respectively, with 
L2FC values >7 and >6.

Table 2. Top 15 upregulated differentially expressed genes 
identified between gastric adenocarcinoma and peritumoral 
tissue

Gene L2FC Adjusted p-value Category

ZIC1 11.9 p < 0.001 Others

STRA6 10.5 p < 0.001 Others

FOXC2 10.5 p < 0.001 Others

ZIC2 10.3 p < 0.001 Others

ITIH2 9.2 p < 0.001 Others

MAGEA3 8.3 8.45 × 10−9 CTA

SERPINB3 8 p < 0.001 Others

MAGEA6 7.9 7.33 × 10−7 CTA

CRABP1 7.8 p < 0.001 Others

FIBIN 7.6 p < 0.001 Others

GOLGA6L1 7.2 0.03 CTA

FBN3 6.9 p < 0.001 Others

MAGEA2 6.6 5.99 × 10−7 CTA

SFRP2 6.4 p < 0.001 Others

GAP43 6.3 p < 0.001 Others

Abbreviations: CTA: Cancer-testis antigen; L2FC: Log2 fold change.

https://doi.org/10.36922/MI025510135


Microbes & ImmunityMicrobes & Immunity CTAs in gastric adenocarcinoma

Volume 3 Issue 3 (2026)	 6� doi: 10.36922/MI025510135

Figure 1. Analysis workflow. Distribution of samples (n = 389) across the gastric adenocarcinoma (GAC), peritumoral tissue (PTT), metaplastic (MP), 
and normal groups, identification of differentially expressed genes, and selection of cancer-testis antigens (CTAs). n represents the number of samples.

Figure 2. Volcano plot of differentially expressed genes between groups. (A) GAC vs. PTT. (B) GAC vs. MP. (C) GAC vs. Normal. (D) PTT vs. MP. The 
x-axis represents the L2FC, and the y-axis corresponds to the −log10 adjusted p-value. Genes in red are upregulated, those in green are downregulated, 
and those in gray are not significant. 
Abbreviations: GAC: Gastric adenocarcinoma; L2FC: Log2 fold change; MP: Metaplastic; PTT: Peritumoral tissue.
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3.2. Functional enrichment analysis

A GO analysis was performed using the top 15 differentially 
expressed and upregulated genes between GAC and 
PTT to identify the biological processes involved (Figure 
4). The main enriched biological processes indicate the 
involvement of genes in embryonic morphogenesis and 
development, cellular differentiation, cell adhesion, and 
mesenchymal signatures, suggesting that genes upregulated 
in the tumor participate in processes associated with 
cellular reprogramming and the reactivation of embryonic-
like programs.

3.3. Association of cancer-testis antigens with 
clinical variables

Gene expression analysis revealed distinct associations 
with clinically relevant variables in GAC. Initially, 
normalized gene expression was used to assess the 
relationship between DEGs and variables of interest 
using the DESeq2 package in R. This approach identified 
29 genes with significant associations across different 
clinical parameters, including cTNM staging, T, N, and M 
categories, Lauren classification, therapeutic management, 
and sex. Additionally, pairwise contrast and analyses 
between clinical groups were performed (Figure S1).

Significant associations were observed for POTEF (FDR 
= 4.41−6–0.00816), MAGEA6 (FDR = 0.000395–0.00138), 
MAGEA3 (FDR = 0.00158–0.00461), and CTCFL (FDR 
= 0.0335) with the cTNM system. Additional candidates, 
including PIK3R3, CMTM1, TAF1L, YBX2, AHRR, 
CMTM2, PAPOLB, PURG, PCDHA2/4/5, and AXDND1, 

also showed significant differences in expression across 
tumor stages. Pairwise comparisons revealed higher CTCFL 
expression in stage IV, both between stages II and IV (p = 
0.0027) and stages III and IV (p = 0.0089), suggesting a 
potential role for this gene in tumor progression.

Regarding tumor invasion depth (T category), genes 
from the MAGE family (MAGEA2, MAGEA3, MAGEA6, 
MAGEA12), POTEF, PRAME, IGF2BP1, DAZ1/3/4, 
PCDHA4, GAST, and ZNF683 were significantly associated 
with this clinical variable  (FDR < 0.05). Pairwise 
evaluation revealed increased IGF2BP1 expression in 
patients classified as T2 when comparing T1 vs. T2 and 
T2 vs. T3, both with p = 0.045. For the ypN category of 
staging, MAGEA3, MAGEA12, TAF1L, GAST, AHRR, 
GOLGA6L1, GOLGA6L22, PURG, AXDND1, and ENDOV 
were identified as significant candidates associated with 
lymph node involvement after treatment.

In the evaluation of the ypM category, greater 
expression variability was observed in non-metastatic 
tumors (M0), whereas metastatic tumors (M1) exhibited 
more homogeneous expression. The analysis revealed 
strong associations for GAST (FDR = 3.16−8), POTEF 
(FDR = 1.42−7), PIK3R3 (FDR = 0.000557), YBX2 (FDR 
= 0.00123), PCDHA4 (FDR = 0.00248), and MAGE genes 
(MAGEA6, MAGEA12), focusing on the role of these 
antigens in tumor dissemination. PURG, TAF1L, CMTM2, 
RNF103–CHMP3, and DAZ3 were also significant.

Regarding Lauren classification, PURG (FDR = 
0.000634), POTEF (FDR = 0.00824), GOLGA6L22 (FDR = 

Figure 3. Global expression of CTA genes across different tissue types. The x-axis represents the selected CTAs, and the y-axis displays gene expression 
values transformed by VST. Each point corresponds to one sample from the GAC, PTT, and MP or normal group. Significance levels are indicated above 
each gene. Note: *: p < 0.05; **: p < 0.01; ***: p < 0.001. 
Abbreviations: CTA: Cancer-testis antigen; GAC: Gastric adenocarcinoma; MP: Metaplastic; ns: Not significant; PTT: Peritumoral tissue; VST: Variance-
stabilizing transformation.
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0.0189), and PCDHA5 (FDR = 0.0466) showed significant 
differences in expression between diffuse and intestinal 
subtypes, indicating distinct molecular profiles between 
histological subtypes. In terms of therapeutic management 
(surgery vs. neoadjuvant therapy), TAF1L was the only 
gene showing a significant association (FDR = 0.00602). 
Finally, for sex related differences, strong associations were 
detected for members of the DAZ family, including DAZ1 
(FDR = 2.92−13), DAZ3 (FDR = 0.0452), and DAZ4 (FDR = 
0.00138), reflecting sex-linked expression patterns.

3.4. Survival analysis

In the survival analysis, 17 CTAs showed statistically 
significant differences in OS between high and low 
expression groups (log-rank test, p < 0.05) (Figure S2). 
Among these, only the gene OTOG did not reach statistical 
significance in the estimated risk of death using the Cox 
model, suggesting that its effect on risk is not consistent over 
time despite the differences observed between the curves. 
Of the 17 genes, high expression of 14 CTAs (82.4%) was 
associated with poorer outcomes in GAC patients, while 
only 3 CTAs (17.6%) showed high expression associated 

with better prognosis in GAC.

The genes DAZ3, GAST, CT45A5, MAGEA2, IGF2BP1, 
DAZ1, POTEF, LIN28B, MAGEC1, and CTCFL stand out 
with HR above 2, indicating a significant increase in the 
risk of death in patients with high expression. Notably, 
high expression of IGF2BP1 (HR = 2.86; p = 0.004), CTCFL 
(HR = 2.77; p = 0.0039), CT45A5 (HR = 2.81; p = 0.0033), 
and LIN28B (HR = 2.72; p = 0.0045) showed the highest 
relative risks, reinforcing their role as potential markers of 
tumor aggressiveness. In contrast, SYCE1L (HR = 0.56; p = 
0.040), PIK3R3 (HR = 0.50; p = 0.012), and ZNF683 (HR = 
0.56; p = 0.045) were associated with improved OS.

3.5. Co-expression network analysis

The co-expression network constructed from differentially 
expressed CTAs revealed five main clusters, pointing out 
the presence of gene modules with similar expression 
patterns (Figure 5). Cluster 1 (blue) grouped genes from 
the DAZ family (DAZ1–DAZ4), which were strongly 
correlated with each other (|ρ| = 0.64 to 0.81), with DAZ1, 
DAZ3, and DAZ4 as the main target genes. This cluster 

Figure 4. GO enrichment bubble plot of the top 15 upregulated differentially expressed genes identified between gastric adenocarcinoma and peritumoral 
tissue (FDR-adjusted p < 0.05). The x-axis represents the GeneRatio, the y-axis represents the GO terms, bubble size represents the number of associated 
genes (count), and color indicates the adjusted p-value. 
Abbreviations: FDR: False discovery rate; GO: Gene Ontology; p.adjust: p-value adjust.
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also showed moderate positive correlations with the genes 
AADAC (|ρ| = 0.48 to 0.60), FBP2 (|ρ| = 0.36 to 0.58), and 
OVCH2 (|ρ| = 0.43 to 0.58).

Cluster 2 (purple) grouped genes from the MAGEA 
family, exhibiting strong correlations (|ρ| = 0.30 to 
0.73), along with additional connections to OPRPN (|ρ| 
= 0.40 to 0.71), OR2M7 (|ρ| = 0.43 to 0.70), and CSAG3 
(|ρ| = 0.39 to 0.79), forming a highly connected group. 
Additionally, a small number of genes showed a more 
dispersed distribution within the cluster or exhibited 
negative correlations. Among the target genes, MAGEA2, 
MAGEA3, MAGEA6, MAGEA9, MAGEA12, IGF2BP1 
(|ρ| = 0.33 to 0.48), and CTCFL (|ρ| = 0.30 to 0.46) were 
prominent within this module. GOLGA6L22 also showed 

retained associations within the filtered network, with 
correlations reaching |ρ| = 0.50.

Cluster 3 (pink) involved a larger number of genes 
compared to the other clusters. Among the target genes, 
YBX2, POTEF, members of the PCDHA family (PCDHA2, 
PCDHA4, PCDHA5), TAF1L, PAPOLB, and PURG 
were consistently integrated into the filtered network 
and remained strongly interconnected, with retained 
correlations reaching |ρ| = 0.57. Other co-expressed genes, 
such as CACNG7, NKAIN1, GRIN2B, KCNA4, ROBO2, 
TMEFF2, and SLC7A10, also showed strong retained 
correlations within the cluster,  reaching |ρ| = 0.66.

Cluster 4 (orange) was distributed across different 
subgroups. One set stood out in the network for exhibiting 

Figure 5. Gene correlation network constructed from differentially expressed cancer-testis antigens (target genes) and their correlated partners based on 
Spearman’s correlation coefficient. Each node represents a gene, and edges indicate positive (blue) or negative (red) correlations, with thickness proportional 
to the correlation strength. Co-expression modules were detected using the Leiden algorithm and are highlighted in different colors (clusters 1 to 5).
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strong positive correlations, linking FPR1, ADGRE3, 
DOK3, TNFRSF10C, NCF4, ADAM8, CXCR1, and 
SLC12A9 as correlated genes, with CMTM2 and CMTM1 
as target genes (|ρ| = 0.48 to 0.67). In another subgroup of 
the cluster, weak negative correlations were also observed 
among genes such as IRAK3, GNA13, and PIK3R3 (|ρ| 
= 0.56 to 0.61). Finally, Cluster 5 (yellow) showed low 
connectivity, comprising only SPATA31A3 and OR10Z1 
(|ρ| = 0.55).

4. Discussion 
Gastric adenocarcinoma remains a major public health 
concern, and recent estimates indicate that global 
mortality from the disease will remain significant in the 
coming years.31 In this context, the identification of new 
therapeutic targets and biomarkers is essential to improve 
risk stratification and available treatment options.

The ideal antigen for cancer therapies should be tumor-
specific, highly immunogenic, broadly expressed in tumor 
cells, shared among patients, and essential for tumor 
survival.32 CTAs satisfy most of these criteria, making 
them attractive candidates for immunotherapy.33 However, 
for this approach to be translationally useful, it is necessary 
to comprehensively understand their expression patterns 
across different stages and clinical contexts of GAC.

Although recent studies have investigated the 
expression of these genes in GC, the use of restricted CTA 
lists for analysis is a limiting factor. Additionally, analyses 
comparing tumor tissue with PTT and precursor tissues 
can provide complementary information. Furthermore, 
evaluating expression in association with clinically relevant 
prognostic variables may offer new insights.

In this study, we identified 104 DEGs of CTAs across 
the analyzed contrasts. Between GAC and PTT, only 14 
DEGs were observed, while the comparison between GAC 
and metaplasia revealed 47 DEGs. Additionally, a large 
proportion of genes upregulated in the tumor compared 
to MP tissue (23) were also upregulated in PTT relative to 
metaplasia. These findings suggest that PTT is more similar 
to tumor tissue than MP tissue, which can be explained by 
the field cancerization process, in which regions adjacent 
to the tumor already carry genetic and/or epigenetic 
alterations that make them biologically closer to the tumor 
and prone to developing new lesions or local recurrence.34 
The contrast between PTT and MP tissue resulted in 39 
DEGs, highlighting a high divergence between these two 
tissue types.

The highest number of DEGs (81) was found in the 
comparison between tumor tissue and normal tissue, 
reflecting the characteristic molecular differences of each 

condition. Most CTAs were upregulated in cancer, in 
agreement with previous literature. Additionally, a large 
proportion of genes downregulated in cancer are not 
classical CTAs and/or have been previously reported to be 
expressed in normal tissues.

In the comparison between GAC and PTT, among 
the 486 upregulated DEGs, four CTAs stood out among 
the 15 most abundant: MAGEA3, MAGEA6, GOLGA6L1, 
and MAGEA2. In addition, IGF2BP1 and MAGEA12 were 
also upregulated in the tumor. Except for GOLGA6L1, all 
other CTAs showed upregulation in GAC compared to 
all other tissues. Moreover, these genes were also elevated 
in PTT relative to MP, suggesting progressive epigenetic 
reactivation during gastric carcinogenesis, as previously 
described, and potentially serving as early biomarkers.

The GO enrichment analysis of the main upregulated 
genes in GAC highlights biological processes related 
to embryonic morphogenesis and development, 
mesenchymal differentiation, and integrin-mediated 
regulation of cell adhesion. These findings suggest the 
reactivation of mechanisms normally silenced in adult 
tissues, a pattern consistent with the expression of CTA 
genes and frequently observed in tumors.9 This profile 
may reflect increased cellular plasticity, remodeling of 
the tumor microenvironment, and the acquisition of 
features associated with invasion and progression of GC 
and other malignancies.35-38 In the context of CTAs, these 
results further support their association with mechanisms 
involved in tumor progression.

These results are consistent with the broadly available 
literature on the MAGE family, classified as classical CTAs. 
High expression of MAGEA3 and MAGEA6 has been 
associated with increased tumor proliferation and invasion, 
and they have also been proposed as potential prognostic 
biomarkers for poor outcomes in bladder cancer.39

In our data, findings indicate that MAGEA6 expression 
varies according to tumor stage and the presence of 
metastasis, suggesting potential involvement of this 
gene in cancer progression. However, the lack of clear 
visual differentiation between groups points to biological 
heterogeneity and a limited sample size, which precludes 
conclusions regarding specific expression patterns at 
each stage. Similar results were observed with other CTA 
genes, emphasizing the complexity of antigen regulation in 
tumors.

Analysis of MAGEA3 also showed relevant variation 
in expression across cTNM stages, suggesting a potential 
association with clinical cancer progression and positioning 
it as a candidate of clinical relevance. Conversely, when 
focusing on individual components of staging, significant 
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differences were identified among T category groups, 
indicating an association between MAGEA3 expression 
and the extent of the primary tumor. Similarly, differences 
were detected among N category groups, suggesting a 
relationship between gene expression and lymph node 
dissemination. These findings reinforce that MAGEA3 
showed significant variation across cTNM stages and was 
also associated with T and N categories, suggesting links 
with local invasion and nodal spread.

Supporting our findings, another study identified that 
MAGEA3 is associated with lymph node metastasis and 
correlates with immune infiltration levels in GC.40 Recently, 
MAGEA3 was targeted by an mRNA vaccine using lipid 
nanoparticles against colorectal cancer, with preclinical 
data indicating prophylactic and therapeutic potential.41 
MAGEA2 has also emerged as a promising candidate for 
dendritic cell-based immunotherapy, promoting cytotoxic 
T lymphocyte activation against prostate cancer.42

A study showed that the genes MAGEA3 and MAGEA12 
were highly expressed in a subset of breast cancer cell lines. 
Depletion of MAGEA12 resulted in the downregulation of 
other target genes, whereas its overexpression promoted 
increased cell migration and invasion.43 Similarly, 
MAGEA12 suppression reduced proliferation, migration, 
invasion, and tumor formation in cutaneous squamous 
cell carcinoma cells, and high expression correlated with 
poor prognosis.44 In this context, future studies using 
similar approaches in GC cell lines could help elucidate 
how MAGE family genes influence tumor invasion and 
progression in GAC.

In our results, the analysis of MAGEA2 indicated an 
association between gene expression and primary tumor 
staging, as well as a negative impact on OS, suggesting 
that higher MAGEA2 levels may be linked to poorer 
prognosis. This finding is consistent with the hypothesis 
that MAGEA2 contributes to tumor progression processes, 
possibly influencing tumor aggressiveness. Studies in 
renal cancer and glioma, for example, have reported 
an association between high MAGEA2 expression and 
unfavorable prognosis.45,46

MAGEA12 also showed significant variation across 
the T, N, and M staging components, with a notable 
association with distant metastasis (M1), indicating that 
its expression may be related to the tumor’s capacity for 
dissemination. These findings reinforce the idea that 
different members of the MAGEA family may exert 
complementary roles in cancer progression, with specific 
impacts on local invasiveness, lymph node involvement, 
and metastatic potential. The disparity observed among 
the groups suggests that the expression of these genes is 
influenced by diverse biological factors and highlights the 

need for additional studies to elucidate their functional 
roles in tumor progression.

Using single-cell RNA-seq, a study revealed that 
MAGEA2, MAGEA3, MAGEA6, and MAGEA12 constitute 
a co-expressed subgroup, corroborating our results in which 
these genes exhibited similar expression patterns across 
contrasts, suggesting shared regulatory mechanisms.47 
Nevertheless, the study identified that within the same 
tumor, a subset of tumor cellular populations may not 
express any of these genes, indicating the intratumoral 
heterogeneity characteristic of CTAs. From a translational 
perspective, this co-expression reinforces the potential 
of therapeutic strategies that target multiple antigens to 
increase the fraction of tumor cells reached.

Similarly, the involvement of IGF2BP1 has been 
described in several cancer types, including neuroblastoma, 
non-small cell lung cancer, and esophageal cancer.48-50 
IGF2BP1 functions as a post-transcriptional regulator 
in cancer cells, stabilizing pro-oncogenic mRNAs and 
contributing to cell proliferation, migration, invasion, 
and, in some cases, even metastasis. In addition, there is 
evidence that IGF2BP1 influences the regulation of tumor 
immunogenicity, suggesting that this gene may represent a 
potential immunotherapeutic target in cancer.51

In the present analysis, we observed that IGF2BP1 
expression showed a significant association with clinically 
relevant variables, particularly the T category of the cTNM 
system, suggesting a possible relationship with tumor 
invasiveness. Consistently, elevated levels of IGF2BP1 
correlated with poorer OS, indicating that patients with high 
expression have an almost three-fold increased risk of death 
compared with those with low expression. These findings 
align with the known function of IGF2BP1, reinforcing the 
hypothesis that its overexpression contributes to a more 
aggressive phenotype. However, future studies employing 
approaches such as RNA immunoprecipitation sequencing 
could help elucidate which oncogenic transcripts are 
stabilized by IGF2BP1 in GAC.

Conversely, FBXO39 and OR56A1 showed 
downregulation in GAC tissue and in PTT tissue 
compared with MP tissue. This pattern suggests that 
these genes are more active in tissues with premalignant 
alterations and become progressively silenced as tumor 
transformation occurs. Future validation studies, such 
as real-time quantitative polymerase chain reaction or 
immunohistochemistry, that confirm this gene expression 
profile may position them as potential biomarkers of 
progression, indicating the transition from metaplasia 
to tumor. These genes may also be useful for the early 
detection of tissues nearing malignant transformation 
during gastric carcinogenesis.
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Although metaplasia is recognized as a precursor 
condition to cancer, to date, we have not found direct 
evidence of FBXO39 expression in MP tissues. Most 
research has focused on FBXO39 expression in tumor 
tissues, particularly in cancers such as breast, colon, and 
gliomas.52-54 However, some studies have examined this 
gene’s expression by comparing tumor and adjacent normal 
tissues, though without a detailed analysis of the adjacent 
tissue itself.52,55 Therefore, further research is needed to 
fully understand the role of FBXO39 in these contexts.

In the case of OR56A1, the available data are scarce. 
The current literature on this gene in the context of cancer 
is extremely limited, with no evidence supporting its 
expression in tumors, let alone in MP tissues. Most studies 
on olfactory receptors in cancer focus on other members 
of the family, such as OR2B6 and OR2W3, which have 
been associated with tumor progression and may serve as 
biomarkers or therapeutic targets in various cancer types.56

The analysis revealed that POTEF is upregulated in 
tumor tissue compared with PTT and MP tissues, and 
its expression was significantly associated with several 
clinically relevant variables, including cTNM stage, T 
category, M category, and Lauren histological subtype. 
Additionally, high POTEF expression was associated with 
poorer prognosis and reduced OS, indicating a potentially 
relevant role in the biology of GAC. These findings suggest 
that elevated POTEF expression within tumors may be 
linked to more aggressive phenotypes. 

Supporting this notion, studies in prostate cancer 
have shown that POTEF-AS1, a long non-coding RNA 
derived from the POTEF locus, promotes cell survival.57 
Moreover, research on members of the POTE family 
has demonstrated that their high expression in ovarian 
cancer is associated with worse prognosis and increased 
tumor aggressiveness.58 Future studies are needed to 
investigate the role of the POTEF gene in cancer, including 
the validation of its expression in tumor tissues through 
immunohistochemistry and functional assays in GC cell 
lines, in order to clarify whether this gene plays an active 
role in tumor aggressiveness and progression.

The genes CTCFL, GAST, and MAGEC1 exhibited 
the same expression pattern, with upregulation in GAC 
compared with MP tissue and normal tissue. Additionally, 
they were upregulated in PTT relative to MP tissue. This 
pattern indicates that the activation of these genes may 
contribute to the maintenance of the tumor phenotype 
and reflect molecular alterations within the field of 
cancerization. In the OS analysis, high expression of 
these genes was also associated with poorer prognosis in 
patients with GAC, conferring a two-fold increased risk of 
unfavorable outcomes.

CTCFL showed heterogeneous expression across the 
cTNM stage groups; however, pairwise comparisons 
revealed higher expression in stage IV than in stages II 
and III, suggesting a role in tumor progression. Previous 
studies indicate that CTCFL overexpression may contribute 
to carcinogenesis through modulation of chromatin 
architecture.59 Taken together, our results suggest that 
CTCFL may serve as a biomarker of advanced stage 
and prognosis in GC, as well as a potential therapeutic 
target for limiting tumor progression. Chromatin 
immunoprecipitation sequencing approaches may help 
clarify its regulatory role in GC.

In the literature, MAGEC1 expression has been 
associated with a significantly higher number of lymph 
node metastases in melanoma, suggesting its role in 
metastatic progression.60 Regarding GAST, a study 
reported that elevated serum gastrin levels correlate with 
more aggressive tumors, higher rates of lymph node 
metastasis, advanced clinical stages, and poorer OS in 
GC.61 Consistently, in our analysis, GAST gene expression 
was associated with multiple clinical characteristics, 
suggesting that its activation may accompany tumor 
advancement, lymph node dissemination, and metastasis 
occurrence, a hypothesis that could be further explored 
through functional assays in GC cell lines. Thus, at both 
the molecular and clinical levels, GAST has potential as a 
marker of tumor aggressiveness and prognosis in GC.

In the present study, most genes showed that high 
expression was associated with poorer prognosis. In 
contrast, PIK3R3, SYCE1L, and ZNF683 were associated 
with a protective effect, suggesting the presence of a 
potentially more favorable immune microenvironment 
in these cases. These findings indicate that the expression 
profile of CTAs may hold prognostic value and aid in 
risk stratification. Moreover, several CTAs associated 
with worse outcomes have previously been implicated in 
oncogenic mechanisms. These mechanisms strengthen the 
hypothesis that the elevated expression of these genes is not 
merely a passive marker but may functionally contribute to 
tumor progression.

Gene expression of CTAs is often considered 
a consequence of epigenetic dysregulation during 
tumorigenesis and has traditionally been interpreted as 
a passenger event in cancer. However, growing evidence 
indicates that several CTAs may function as drivers, 
actively contributing to tumor progression through 
mechanisms such as the promotion of epithelial-
mesenchymal transition, maintenance of pluripotency, 
genomic instability, and therapeutic resistance.62,63

Despite the negative association observed in our 
cohort, independent data demonstrate that the prognostic 
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impact of CTAs is dependent on the biological and 
therapeutic context. In The Cancer Genome Atlas cohort, 
patients positive for MAGEA1, MAGEA3, MAGEA4, 
MAGEA12, and CTAG1B exhibited improved survival 
when treated with immune checkpoint inhibitors (ICIs), 
with similar trends reported for GAGE13 and SSX2.64 
Although our analysis focused on prognostic associations, 
these findings suggest that CTAs may also have predictive 
value for therapeutic response, possibly due to their role 
in increasing tumor immunogenicity and promoting 
better responses to immunotherapy. However, in the 
absence of treatment, high expression of these genes may 
also be associated with more aggressive tumors. Thus, 
the dual nature of these genes is highlighted, reinforcing 
the need for studies integrating treatment response data 
to confirm their predictive potential in cancer, as well as 
interpretations that consider the molecular and therapeutic 
context in clinical practice.

The co-expression network analysis constructed from 
the differentially expressed CTAs revealed the existence of 
well-defined functional modules, suggesting that specific 
groups of these antigens share regulatory mechanisms 
and may participate in common biological processes 
within the tumor microenvironment. This organization 
is consistent with recent evidence showing that CTAs 
are often expressed as coordinated signatures, reflecting 
both epigenetic plasticity and the reactivation of germline 
programs in solid tumors.12,64,65

The correlation analysis revealed five distinct clusters 
among the differentially expressed CTAs, well organized 
around central target genes. Cluster 1, composed of 
members of the DAZ family, indicates reactivation of 
germline programs in cancer.66 Cluster 2, formed by the 
MAGEA genes, shows strong correlation with other 
regulatory CTAs, such as IGF2BP1 and CTCFL, suggesting 
a central role in proliferation and immune evasion.67-69 
Cluster 3 includes genes associated with cell adhesion 
and transcriptional regulation, such as YBX2, POTEF, 
and members of the PCDHA family, which also act as 
target genes.70,71 Cluster 4 groups genes related to immune 
response, including PIK3R3 and ZNF683, showing negative 
correlations with proliferative CTAs, suggesting a possible 
antagonism between tumor-promoting and inflammatory 
pathways.72-74 Finally, Cluster 5 displayed low connectivity, 
with SPATA31A3 and OR10Z1, genes possibly associated 
with accessory functions. These findings highlight the 
functional organization of CTAs into correlation clusters, 
with potential implications for tumor regulation and 
immune response.

Taken together, these results reinforce the notion that 
CTAs are organized into co-expression signatures that 

influence key processes such as germline reprogramming, 
immune evasion, cellular plasticity, and remodeling 
of the tumor microenvironment. Understanding these 
clusters not only aids in elucidating mechanisms of tumor 
progression but also contributes to the development of 
biomarkers and the identification of therapeutic targets 
based on CTA-directed immunotherapy.20,64,65

Despite providing a comprehensive characterization 
of CTAs in GAC, several limitations should be 
acknowledged. The retrospective nature of the clinical 
data analysis and the lack of experimental validation 
restrict the generalizability of the findings, and the lack of 
available clinical information limits the robustness of the 
observed associations. Moreover, the absence of consensus 
regarding the classification of certain genes as CTAs may 
introduce bias. Another consideration is that co-expression 
analyses do not establish causal relationships, requiring 
additional functional validation. Survival analyses 
were performed using univariate models, and therefore 
the identified associations cannot be interpreted as 
independent prognostic effects. In addition, the study did 
not include immunogenomic analyses that could further 
contextualize CTA expression within the tumor immune 
microenvironment. Finally, the study assessed expression 
only at the transcriptional level, without accounting for 
protein abundance. These limitations highlight the need 
for future studies integrating experimental validation and 
multi-omics approaches to strengthen and expand the 
clinical relevance of the identified biomarkers.

5. Conclusion
In this study, we conducted the most comprehensive 
investigation to date of CTA expression profiles in GAC, 
integrating differential expression analyses, clinical 
associations, prognostic impact, and gene co-expression 
structure. Using a cohort of 389 samples, including tumor, 
PTT, metaplasia, and normal tissue, we identified 104 
differentially expressed CTAs, highlighting a set of genes 
with potential relevance for tumor biology and clinical 
stratification.

We demonstrated that CTA expression in GAC is 
characterized by high heterogeneity yet organized into 
functional modules that reflect processes associated 
with tumor progression, invasion, metastasis, and 
aggressiveness. Consistently, 17 CTAs showed significant 
associations with overall survival: 14 were markers of poorer 
prognosis, whereas three (PIK3R3, SYCE1L, and ZNF683) 
exhibited a protective effect, possibly reflecting more 
responsive immune microenvironments. Additionally, 
external evidence indicates that some CTAs traditionally 
associated with aggressiveness may also predispose tumors 
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to better immunotherapy responses, reinforcing their dual 
nature and their potential as biomarkers and therapeutic 
targets, particularly in strategies such as tumor vaccines 
and CAR-T cell therapies.

The network analysis revealed highly connected 
co-expression modules, indicating that specific groups 
of CTAs may act in a coordinated manner during gastric 
carcinogenesis. These findings strengthen the notion that 
multigene panels, rather than isolated markers, offer greater 
precision for the biological and clinical characterization of 
the disease.

Taken together, our results substantially expand the 
current understanding of the CTA expression landscape 
in GC, identifying genes with strong prognostic value, 
robust clinical associations, and translational potential 
as immunotherapeutic targets. Future studies, including 
validation in independent cohorts, functional experiments, 
and assessment of the immunogenicity of these antigens, 
will be essential to advance the development of personalized 
therapies for GAC.
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