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Background: Gastric cancer (GC) ranks as the fourth most prevalent cancer globally, with heterogeneous prognosis and high
mortality rates. Numerous studies have highlighted the close association between the occurrence and progression of gastric
cancer and the N7-methylguanosine (m7G) mechanism. This study aims to determine the clinical significance of m7G-related
genes (m7Gs) in gastric cancer prognosis and investigate their potential connection with the tumor immune microenvironment
(TIME).
Methods: Gastric cancer data was obtained from the Cancer Genome Atlas (TCGA) library to generate the m7G pattern
prognosis-related genes (m7G-PRGs) matrix. Two distinct m7G typings were initially identified, followed by unsupervised clus-
tering based on m7G-related cluster C1 and C2 (m7G-C1/2) integrated differentially expressed genes (DEGs) to acquire a scoring
system. The m7G-related prognostic model (m7G-RPM) was then constructed, with key prognostic genes experimentally vali-
dated throughWestern blot analysis. Subsequently, gastric cancer patients were stratified into high/low-scoring subgroups using
the calculated median m7G_score, facilitating the investigation of prognosis-related mechanisms. Furthermore, biological sig-
naling pathways were systematically enriched, a nomogram was developed, and TIME in gastric cancer was assessed.
Results: Alterations in m7Gs are associated with a poor prognosis, with the primary outcome being hypermethylation in can-
cer, which regulates immune signaling and promotes cellular infiltration. Two distinct m7G clusters were identified, revealing
m7Gs’ bidirectional regulatory role in clinicopathological features and the TIME. A nomogram containing seven variable genes
improved the clinical applicability of m7G-RPM, with increased solute carrier family 39 member 4 (SLC39A4) and matrix metal-
lopeptidase 7 (MMP7) expression observed in gastric cancer cells. The m7G_score was significantly associated with microsatellite
instability (MSI), tumor mutation burden (TMB), chemotherapeutic drug sensitivity, and cancer stem cell (CSC) index.
Conclusion: A comprehensive analysis of m7G s in gastric cancer confirmed their potential role in genetic alterations, TIME,
clinical traits, and prognosis, especially in tumor-infiltrating immune cells (TIICs). We constructed a novel prognostic model
based on m7Gs and performed preliminary validation of the screened genes. These findings present innovative perspectives for
assessing the prognosis of gastric cancer and guiding individualized immunotherapy strategies for patients.
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Introduction

Gastric cancer (GC) patients are ranked fourth in the
world, with both low early diagnosis and cure rates con-
tributing to an inferior 5-year survival rate. The standard
surgery for GC combining limited lymph node dissection
is believed to be the only radical strategy. However, het-
erogeneous GC prognoses remain, including lymph node
metastasis, peritoneal spread, and significant drug resis-
tance. Zhai et al. [1] reported that methylation-modified
eukaryotic translation initiation factor 4E binding protein
3 (eIF4EBP3) was downregulated and functioned as a tu-
mor suppressor in GC by targeting the eukaryotic trans-
lation initiation factor 4E (eIF4E)/β-linked protein axis.

eIF4E and methylation-associated novel tumor suppressor
genes (TSGs) could inhibit the proliferation and metastasis
of GC cells, suggesting the presence of prognostic biomark-
ers within the methylation gene family for GC.

Advances in sequencing technology have extended the
scope of gene regulatory processes to the neo-level, includ-
ing RNAmodifications such as pseudouridylation (Ψ), N6-
methyladenosine (m6A), and N7-methylguanosine (m7G).
Cumulative studies have demonstrated that the oncogenic
effect of m7G is beneficial to improving the therapeutic ef-
ficacy and prognosis of cancer [2]. For example, endoge-
nous N-methylguanosine in tumors improves anti-PD-1 ef-
ficacy, suggesting m7G-based mechanisms as a strategy for
combined immunotherapy [3]. Alternatively, dysregulation
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of m7G methylation occurs in tumor progression and ther-
apeutic response, exemplified by the cooperative action of
coenzyme METTLE1 and WD repeat domain 4 (WDR4) in
promoting cell proliferation and treatment [4]. Therefore,
the regulation of m7G-related genes is crucial for the inves-
tigation of GC, with potential implications on immunother-
apy.

Beyond its role in cellular metabolism, stabilization,
exonucleation, and protein translation, m7G is intimately
associated with chemoresistance, antitumor, and metasta-
sis in GC. The knockdown of pro-apoptotic protein cy-
toplasmic FMR1 interacting protein 2 (CYFIP2) activates
the Protein Kinase B (Akt)-pro survival signaling path-
way to develop chemotherapy resistance in cancer cells.
CYFIP2 knockdown is an effective anti-GC therapy that
inhibits the downstream pathway of m7G-related genes
(m7Gs) in combinationwith chemotherapeutic drugs in vivo
[5]. Tan et al. [6] reported that silencing NUDT5 in GC
cells inhibits Akt/GSK-3β/β-catenin, which is associated
with chemotherapy sensitivity. Additionally, the miR-485-
5p/nudix hydrolase 1 (NUDT1) axis is involved in key pro-
cesses of tumor cell growth and motility. High intra-tumor
eIF4A1 expression promotes epithelial-mesenchymal tran-
sition, predicting a worse prognosis in GC [7]. He et
al. [8] observed an upregulated eIF3d expression in
GC tissues, correlating with lymph node metastasis and
depth of infiltration. NUDT10 overexpression is associ-
ated with advanced GC clinicopathological features and
a poorer prognosis, suggesting its potential as a prognos-
tic marker [9]. Several genes exhibit diverse functions,
such as SUMO-2/3-modified NOP2/Sun RNAmethyltrans-
ferase 2 (NSUN2), which simultaneously regulates mRNA
C5-methylcytidine (m5C) and promotes GC progression
[10]. Therefore, investigating the polygene-mediated m7G-
related mode would help predict GC prognosis and under-
stand the mechanisms underlying tumor progression.

In general, the tumormicroenvironment (TME) serves
as the “soil” of cancer cells, where GC progression, metas-
tasis, and drug resistance occur, and involves crosstalk be-
tween immune infiltrating cells. On the one hand, the
knockdown of m7Gs in cancer cells not only alters the tu-
mor immune microenvironment (TIME) and stromal com-
partment [11] but also enables resistance to immunologi-
cally hot phenotypes by evading recognition from the im-
mune surveillance system, including cytotoxic T lympho-
cytes (CTLs), natural killer (NK) cells, macrophages, and
other components of antitumor immunity. Conversely,
the immunologically cold phenotype of the TIME differ-
ential theory is strongly linked to immune negative in-
dicators in lung adenocarcinoma, such as EGFR/SRGN
and immune checkpoint inhibitors (ICIs) [12]. The m7G-
modified tumor-infiltrating immune cells (TIICs) might in-
dicate TME remodeling and bipolarity, correlating with
clinical outcomes. Based on the methylation effect poten-
tially providing an accurate prognosis for GC patients, and

the existence of response genes related to immunotherapeu-
tic sensitivity in GC tissues, both may be essential elements
of precise cancer treatment.

While numerous studies have addressed the develop-
ment of prognostic models related to gastric cancer (GC),
those specifically involving m7Gs have been limited. Re-
sultantly, our study comprehensively evaluated m7Gs ex-
pression profiles and obtained an overview of immune land-
scapes within GC using both the CIBERSORT and ESTI-
MATE algorithms. Based on the expression levels of m7Gs,
808 GC patients were randomly clustered into two indepen-
dent subtypes, from which we obtained related biological
pathways. After pathway enrichment, this study focused
on the effects of m7Gs on TIICs and cell functions. Fur-
thermore, we developed the m7G-related prognostic model
(m7G-RPM) to effectively predict overall survival. Further
analyses, including nomogram and clinical composite index
assessments, improved the clinical applicability. Finally,
this study offers novel insights into the mechanism of m7G
regulation in epigenetics by analyzing TME and drug sen-
sitivity in gastric cancer.

Materials and Methods

Acquisition of Raw Data
The gene sequencing matrix and comprehen-

sive clinicopathology files of GC patients were
derived from the Cancer Genome Atlas (TCGA,
https://www.cancer.gov/about-nci/organization/ccg/re
search/structural-genomics/tcga) and the Gene Expression
Omnibus (GEO, https://www.ncbi.nlm.nih.gov/gds/)
online databases. The research utilized the stomach
adenocarcinoma (STAD) cohort as the training set, and
the GSE84437 set as the validation set. After removing
duplicates and samples lacking prognostic features, 808
GC samples and 32 normal samples were included in
this study. The m7Gs were obtained from previously
studied and reported literature [13]. The integration,
transformation of Transcripts Per Million (TPM), and
differential gene expression analysis were conducted using
the “limma” R package (Version 3.42.2). Moreover, we
eliminated the batch effect of TPM to minimize the impact
of technical differences on the results.

Genetic Variation and Molecular Biology
The somatic mutation data, including proto-oncogene

KRAS and BRAF point mutations, as well as copy num-
ber variation (CNV) data were accessed from TCGA. Wa-
terfall plots were used to illustrate various types of muta-
tions. CNVs within m7Gs and the genomic locations of
CNV alterations on chromosomes were respectively visu-
alized using a bar graph and a Circos plot. The associ-
ated annotation files “c2.cp.kegg.v7.4.symbols” and human
gene annotation files generally utilized for gene set en-
richment analysis were loaded from the MSigDB database
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(https://www.gsea-msigdb.org/gsea/login.jsp) and ensem-
ble website (https://asia.ensembl.org/index.html), respec-
tively. Gene set variation analysis (GSVA), a special type
of gene set enrichment method [14], focused on the major
pathways associated with m7Gs. The Kyoto Encyclopedia
of Genes and Genomes (KEGG) enrichment results were
then visualized using a heatmap.

Co-clustering Analysis of m7Gs and ssGSEA
The core genes of the m7Gs interaction network and

the associated favorable factors were identified via Cox
analysis. Utilizing the “ConsensusClusterPlus” R pack-
age (Version 1.54.0), the matrix of 34 m7Gs expression
obtained from the merged set was identified and clustered
without supervision. This study utilized the following pa-
rameters: The cumulative distribution function (CDF) was
increased smoothly and the proportion of items to sample
(pItem) was set to 80%. The hierarchical clustering method
was “km”, with k = 2 as the optimal matrix used to find the
novel m7G subtypes. Following the initial clustering, two
groups of distinct m7G-related clusters, C1 and C2, were
obtained. Single sample gene set enrichment analysis (ss-
GSEA) was used to estimate the relative abundance of im-
mune cell types [15]. By comparing the gene expression
data of each sample with the immune cell gene set, we could
estimate the relative enrichment of the m7G gene set in GC.

Immune Infiltration Analysis with the TME
Landscape

The CIBERSORT method was used to quantify the
abundance of each immune cell type in GC patients and
assess tumor immune infiltration [16]. Following the com-
parison of immune infiltration between the C1 and C2 sub-
groups using CIBERSORT, we employed the “ggplot2”
package (version 3.4.4, Systat Software and University of
Illinois at Chicago, Chicago, IL, USA) to visually repre-
sent the proportional distribution of 22 immune cell types.
Spearman correlation analysis was used to evaluate the
strength and direction of the relationship between cell pro-
portions and m7Gs. The results of the correlation analysis
and “ggplot2” were combined to create marginal scatter di-
agrams.

Relationship between Molecular Subtypes and
Clinicopathological Features of GC

To assess the clinical value of the m7G subtypes,
we compared the clinicopathological characteristics and
follow-up data between the two clusters. Clinical variables
include age, sex, Tumor Node Metastasis (TNM) stage,
overall survival, and status, with projects from both the
TCGA cohort and the GEO dataset. Distinguishable di-
mensions of different m7G subtypes were delineated using
principal component analysis (PCA). Survival analysis and
Kaplan-Meier (K-M) curves were conducted using the “sur-
vival” and “survminer” R packages (Version 3.2.7, Univer-
sity of Auckland, Auckland, New Zealand).

LASSO Algorithm to Quantify Methylation Patterns
To generate the m7G-associated prognostic genes,

crossover genes were extracted from differentially ex-
pressed genes (DEGs), and subsequent univariate Cox
regression analysis was performed. Prognostic DEGs
with p < 0.05 in the univariate Cox regression analy-
sis were then clustered identically. Using the least ab-
solute shrinkage and selection operator (LASSO) algo-
rithm, the λmin was selected after 10-fold cross-validation
through the “glmnet” package (Version 4.1.2) to construct
a scoring system. Subsequently, the optimal risk pre-
diction model was established via multifactorial Cox re-
gression analysis. The model risk scores were calcu-
lated as follows: m7G−score =

∑n
1 Coef(mRNAn) ×

Expr(mRNAn), where Coef(mRNAn) represents the coef-
ficient and Expr(mRNAn) denotes the expression of the se-
lected m7Gs. We then integrated clinical characteristics
(including age, gender, and TNM stage) into m7G-RPM
and constructed a nomogram with the “Regplot” R pack-
age (Version 1.1). Finally, the model’s accuracy was vali-
dated through calibration and receiver operating character-
istic (ROC) curves.

Western Blot and m7Gs Expression in GC
Total proteins were extracted from human normal gas-

tric epithelial cells lines (GES-1; iCell-h062, iCell Bio-
science, Shanghai, China) and the human gastric can-
cer cells lines (AGS; CC-0401, Cellcook, Guangzhou,
China) using RIPA lysis buffer (P0013B, Shanghai Biyun-
tian Biotechnology Co., Ltd., Shanghai, China). Cells were
tested for mycoplasma and STR identification. The BCA
Protein Assay Kit (ZJ101, Shanghai Ya Mei Biopharma-
ceutical Technology Co., Ltd., Shanghai, China) was uti-
lized to quantify the proteins. The proteins in each sam-
ple were separated by Sodium dodecyl-sulfate polyacry-
lamide gel electrophoresis (SDS-PAGE) and transferred
to the nitrocellulose filter membranes. Subsequently, the
membranes were incubated overnight at room tempera-
ture in 5% nonfat milk/TBST buffer. The primary anti-
body was incubated with solute carrier family 39 mem-
ber 4 (SLC39A4) Polyclonal Antibody, Beta-Actin Poly-
clonal Antibody, matrix metallopeptidase 7 (MMP7) Poly-
clonal Antibody, and GADPH Polyclonal Antibody, re-
spectively. The membrane complexes were then incubated
overnight with Goat anti-Mouse Poly-HRP Secondary An-
tibody and Goat anti-Rabbit Poly-HRP Secondary Anti-
body (PR30012 and PR30011, Wuhan Sanying Biotech-
nology Co., Ltd., Wuhan, China). Finally, the obtained
immune complexes were analyzed using Image-Pro Plus
software (Version 6.0, Media Cybernetics, Bethesda, MD,
USA). Based on the Human Protein Atlas (HPA) database
(https://www.proteinatlas.org/), we assessed the expression
and protein sublocalization of key proteins in six sets of
GC samples. After comparing the approximate expression
levels of Solute carrier family 27 member 2 (SLC27A2),
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Fig. 1. Genetic and transcriptional alterations of m7Gs in GC. (A) Mutation frequencies of 34 m7Gs in 433 STAD patients from the
TCGA cohort. (B) Frequencies of CNV gain, loss, and non-CNV in m7Gs. (C) Location of CNVs in m7Gs on 23 chromosomes. (D) Dif-
ferential expression of 34 m7Gs in normal and GC tissues. * represents p< 0.05, *** represents p< 0.001. m7G, N7-methylguanosine;
m7Gs, m7G-related genes; STAD, stomach adenocarcinoma; TCGA, the Cancer Genome Atlas (https://portal.gdc.cancer.gov); CNV,
copy number variantion; GC, gastric cancer; WDR4, WD repeat domain 4; NSUN2, Sun RNA methyltransferase 2; DCP2, decapping
mRNA 2; NUDT, nudix hydrolase; CYFIP1, cytoplasmic FMR1 interacting protein 1; eIF4E, eukaryotic translation initiation factor 4E;
eIF4E2, eukaryotic translation initiation factor 4E family member 2; eIF4G3, eukaryotic translation initiation factor 4 gamma 3; IFIT5,
interferon induced protein with tetratricopeptide repeats 5.

Agmatinase (AGMAT), hes related family bHLH transcrip-
tion factor with YRPW motif like (HEYL), aldo-keto re-
ductase family 1 member C2 (AKR1C2), MMP7, and Cys-
tatin SA (CST2), the genetic alterations were analyzed and
visualized in the Stomach Adenocarcinoma (TCGA, Fire-
hose Legacy) through the cBioPortal online database (https:
//www.cbioportal.org/).

Immunotherapy Predictors and Drug Sensitivity
Analysis

The ESTIMATE algorithm was used to evaluate the
immune/stromal ratio in cancer tissue, where higher ESTI-
MATE scores indicated relatively high cell purity. This al-
gorithm could infer the relationship between the risk score
and gastric tumor purity. We analyzed the relationship be-
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Fig. 2. Identification of m7Gs clustering and gene set variation analysis (GSVA) in STAD. (A) Interactions among m7Gs in STAD.
The line connecting the genes represents their interaction, with the line thickness indicating the strength of the association between genes.
Green and violet represent favorable and risk correlations, respectively. (B) Kaplan-Meier curves of overall survival (OS) in C1 and C2
m7Gclusters suggest that C2 patients have a better prognosis. (C) 26 m7Gs differentially expressed between two m7Gclusters. (D)
Biological pathway between two variant isoforms. Red color represents an activated pathway, while blue color represents a negative
pathway. * represents p < 0.05, ** represents p < 0.01, *** represents p < 0.001.

tween m7G_score subgroups and microsatellite instability
(MSI) as well as m7G_score subgroups and cancer stem cell
(CSC) presence. Given the clinical significance of tumor
mutation burden (TMB) in cancer and immunotherapy, we
examined the differential TMB levels in the two GC groups
using boxplots. To assess the relevance of these indica-
tors, we further analyzed the semi-inhibitory concentration
(IC50) values of chemotherapeutic agents commonly used
for treating GC.

Statistical Analysis
All data calculations were performed using R software

(Version 4.0.5, R Development Core Team, Rochester, NY,
USA). The prognostic relationships of individual eigen-
values were assessed by the Kaplan-Meier method, and
survival curve p values were validated using the log-rank
test. Univariate and multivariate Cox regression analyses
were conducted to identify independent prognostic factors,
with the LASSO algorithm administered to prevent over-

fitting. Correlations between subgroups and checkpoints,
TMB, MSI, TIME, and immunoreactivity were analyzed
via Spearman and t-test analyses as appropriate. All results
were screened for a statistically two-tailed p value < 0.05.
The research process was carried out according to Supple-
mentary Fig. 1.

Results

Copy Number Variation and Genetic Alteration in
GC

The somatic mutation incidence of m7Gs was ob-
served in 92.84% of 433 samples, indicating a high over-
all mutation frequency (Fig. 1A). In the mutation waterfall
plot, the left arrow points to TNN and TP53, which have
the highest mutation frequencies, with 48% and 44%, re-
spectively. Meanwhile, the arrows on the right side mark
the top 50 m7Gs that all have mutation frequencies exceed-
ing 11%. A general loss or gain of 34 m7G copy numbers
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Fig. 3. The immune cell infiltration landscape in GC. (A) Bar plot of ssGSEA quantifying the tumor-infiltrating cell proportions,
showing a higher level of immune infiltration in C1. (B) Violin diagram of the tumor-infiltrating cell proportions with p< 0.05 indicating
the proportion of difference between high and low-risk groups. (C–J) Correlation between m7G_score and immune cell types, with
negative R values showing negative correlation and positive R values showing activation. ** represents p < 0.01, *** represents p <

0.001. ssGSEA, single sample gene set enrichment analysis.

in somatic cells was observed, including AGO2, NCBP2,
NUDT1, METTL1, and NSUN2, which positively corre-
lated with CNVs. Conversely, eukaryotic translation initia-
tion factor 4 gamma 3 (eIF4G3), cytoplasmic FMR1 inter-
acting protein 1 (CYFIP1), eukaryotic translation initiation
factor 4E family member 2 (eIF4E2), decapping mRNA 2
(DCP2), and interferon induced protein with tetratricopep-
tide repeats 5 (IFIT5) were commonly absent (Fig. 1B). The
Circos diagram facilitated the identification of CNV loca-
tions of m7Gs on human chromosomes, revealing multiple
types of CNV change sites on chromosome 5 (Fig. 1C). Sig-
nificant expansion/deletion CNVs were observed in m7Gs
between cancer and paraneoplastic tissues. Notably, m7Gs
consistently exhibited significantly high expression in GC
samples, including eIF3D, LARP1, and CYFIP1 (Fig. 1D).
These findings suggest that CNVs were not the sole regula-
tors involved in the epigenetic signaling of m7Gs although
the change in CNVs might modify m7Gs expression.

Identification of m7G Patterns

The complete TCGA cohort and GSE84437 dataset
were consolidated into a unified meta-cohort after de-
batching effects. The interaction network illustrated the ex-
pression, interaction, and correlation connection of m7Gs,
providing a comprehensive view of their association with
GC prognosis. These interconnected m7Gs played a criti-
cal role in individual epigenetic patterns (Fig. 2A). GC pa-
tients were clustered into distinct clusters, denoted as C1
and C2 (abbreviated as m7G-C1/2), comprising 373 and
431 patients, respectively. The K-M curves revealed that
m7G-C2 was superior to C1 in terms of survival as overall
survival (OS) increased (p < 0.05, Fig. 2B). Meanwhile,
our specified m7G pattern discriminated for DEGs, with
most gene expressions being up-regulated in m7G-C2 (in-
cludingM3TTLE1, NSUN2, EIF4G3, and DCP2), but rela-
tively decreased in m7G-C1 (Fig. 2C). Differential analysis
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Fig. 4. Unsupervised cluster analysis of m7Gpattern prognosis-related genes (m7G-PRGs). (A) Consensus matrix heatmap defining
two geneclusters (k = 2) and their correlation area. (B) Kaplan-Meier (K-M) curves of OS in A and B geneclusters. Higher survival
probability is associated with better prognosis. (C) PCA analysis showing a discriminable dimension between the two geneclusters. (D)
24 m7Gs differentially expressed between the two geneclusters. (E) Differences in clinicopathologic features and expression levels of
m7G-PRGs between the two geneclusters. * represents p < 0.05, ** represents p < 0.01, *** represents p < 0.001. PCA, principal
component analysis.

of the RNA expression matrix of m7G-C1 and C2 was con-
ducted, obtaining 970 m7G-associated DEGs. GSVA re-
sults indicate that C2 patients were activated by pyrimidine
metabolism, basic transcription factors, DNA replication,
and RNA explication, while calcium signaling pathways,
ligand-receptor interactions, and proteolysis were inhibited
(Fig. 2D).

Characterization of m7G-related Tumor
Microenvironment

Employing the ssGSEA, we estimated 16 immune cell
subpopulations and associated pathways in GC. In most
humoral and cellular immune functions, m7G-C1 aggre-
gated numerous TIICs, including T/B cells and NK cells.
Them7G-C2 exhibited a relatively immunosuppressed state
with partial inversion of CD4+ T cells and neutrophils
(Fig. 3A). The CIBERSORT, a kind of deconvolution scor-
ing algorithm, effectively quantified 22 subpopulations of
gastric cancer immune cells to assess the association with
the m7G_score. Significant differences were observed in
four specific and six non-specific immune cells between the
two groups, with boxplot results consistent with the scatter
plot (Fig. 3B). The above results indicate that the modify-

ing effect of m7Gs was correlated with the degree of im-
mune cell infiltration. In the marginal scatter plots, the
m7G_score was inversely proportional to plasma cells (R
= –0.086, p = 0.035), CD4 memory-activated T cells (R
= –0.34, p < 0.001), follicular helper T cells (R = –0.21,
p < 0.001), resting NK cells (R = –0.15, p < 0.001), and
M0 macrophages (R = –0.096, p = 0.018). Positive corre-
lations were found with Tregs (R = 0.16, p < 0.001), M2
macrophages (R = 0.11, p = 0.0055), and resting mast cells
(R = 0.2, p < 0.001) (Fig. 3C–J). Overall, there was a cer-
tain regularity in the distribution of m7G_score in immune
infiltrating cells, but the characteristic phenotype requires
further description.

Identification and Functional Annotation of m7G
Pattern-associated DEGs

Following univariate Cox regression and consistent
cluster analysis, GC patients were categorized into two
subgroups with similarity and heterogeneity (Fig. 4A).
Principal component analysis (PCA) demonstrated distin-
guishable dimensions between clustered groups A and B
(Fig. 4B). In the K-M curve, cluster B exhibited a longer
overall survival (OS) and a better prognostic advantage

https://www.biolifesas.org/
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Fig. 5. Construction and validation of the m7G-related prognostic model (m7G-RPM). (A) The partial likelihood deviance graph.
(B) LASSO coefficient profiles. (C) Alluvial diagram of m7Gclusters and geneclusters in groups with different m7G_score subtypes and
survival status in the TCGA merged GEO cohort. (D,G) The K-M curves showed that the high m7G_score group had inferior OS in the
training set (D) and test set (G). (E,H) ROC curves of 1-, 3-, and 5-year OS for the training set (E) and test set (H). (F,I) Identifications
of risk score distributions and correlation scatter plots for prognostic gene signatures in the training set (F) and test set (I), respectively.
GEO, Gene Expression Omnibus; LASSO, least absolute shrinkage and selection operator; ROC, receiver operating characteristic.

compared to cluster A (Fig. 4C). Meanwhile, 24 m7Gs
exhibited significant expression differences between gene
clusters (Fig. 4D). Variations in clinicopathologic features
were observed between the m7G pattern prognosis-related
genes (m7G-PRGs) isoforms, thus giving the m7Gs pre-
dictive capabilities for stratified analysis and grouping
(Fig. 4E).

Construction and Validation of m7G-RPM
One-way Cox regression screened 453 representative

m7G-PRGs. LASSO regression and multivariate Cox anal-
yses were administered on these genes, resulting in inde-
pendent variables changes as depicted in Fig. 5A. Finally,
we retained 7 genes by λ = 13 (Fig. 5B). Based on the re-

sults of LASSO and multivariate Cox regression analyses,
we obtained the m7G-RPM formula as follows:

m7G_score = –0.126× SLC27A2 + 0.379× SLC39A4
+ (–0.258)× AGMAT + 0.218×HEYL + 0.105× AKR1C2
+ 0.099 × MMP7 + 0.088 × CST2.

The median m7G_score stratified the GC meta-cohort
into high- and low-risk groups (Fig. 5C). Patients with a
low m7G_score exhibited better overall survival in both
the training and test groups (log-rank test, p < 0.001,
Fig. 5D,G). Additionally, the m7G-RPM had favorable
specificity and sensitivity in GC (Fig. 5E,H). As the
m7G_score increased, patients had shorter OS and worse
survival status (Fig. 5F,I).

https://www.biolifesas.org/
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Fig. 6. Construction and validation of a nomogram. (A,B) Differential risk score of clusters: (A) genecluster and (B) m7Ggenecluster,
both with significant differences in risk scores. (C) Expression of m7Gs in the high and low RPM_score groups. (D) Nomogram for
both clinicopathological factors and m7G-RPM. (E) The ROC curve for the nomogram model, the larger the area under the curve, the
higher the accuracy. (F) Calibration curve of the nomogram for predicting 1-, 3-, and 5-year OS, with higher accuracy when closer to the
standard curve. * represents p < 0.05, ** represents p < 0.01, *** represents p < 0.001.

Clinicopathological Features and Nomogram
In the risk score distribution of each cluster, the mean

m7G_score was lowest in m7G-C2 and highest in gene
cluster C1 and m7G-A, indicating that a high m7G_score
might be proportional to active cellular instability prolifera-
tion, while a lowm7G_score was intimately associated with
the mRNAmethylation modification signature (Fig. 6A,B).
Further evaluation of the remaining m7Gs in RPM revealed
that the majority of genes, except a few m7Gs (CYFIP2,
NUDT10, NUDT11, and eIF4E3), were downregulated at
the high-risk group level (Fig. 6C). After m7G-RPM was
constructed for the 7 genes, a nomogram was developed
to predict survival time based on age, gender, T-stage, N-
stage, and m7G-RPM (Fig. 6D). By scoring each character-
istic value of the nomogram, the 1-, 3-, and 5-year survival
rates of patients were predicted. Otherwise, we judged the
accuracy of the nomogram in terms of predicting outcomes
using ROC and calibration curves (Fig. 6E,F). These results
collectively demonstrate that the m7G pattern was benefi-
cial in clinically predicting the GC prognosis.

Comprehensive Analysis and Clinical Applicability

Weextracted two proteins, SLC39A4 andMMP7, from
GES-1 and AGS, respectively. Western blot results illus-
trated that SLC39A4 and MMP7 were highly expressed in
AGS relative to normal gastric cells, suggesting that both
proteins were prognostic risk factors (Fig. 7A,B). More-
over, we further compared the expression of model genes
using the HPA database. Fig. 7C presents the immunohis-
tochemical results of six hubm7Gs in the tissues. SLC39A4
was not included in the database, and SLC27A2 was shown
as undetected (Fig. 7C). Investigation through the cBioPor-
tal for Cancer Genomics revealed that the genetic alter-
ations of seven variable genes in GC patients were domi-
nated by amplifications (Fig. 7D).

The heatmap evaluated the association between both
SLC27A2 and TIICs with AKR1C2, CST2, and HEYL in
this model, establishing negative correlations with T cells
and NK cells and positive correlations with mast cells
(Fig. 8A). A high m7G_score was also strongly correlated
with high immune scores, with all three scoring higher than
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Fig. 7. Expression and alteration of m7G-PRGs. (A) Western blot assay results for SLC39A4. (B) Western blot assay results for
MMP7. (C) Representative expressed protein of 6 genes in GC and normal tissues from the HPA (original magnification: × 20). (D)
Altered expression profiles of 6 genes in the RNA-seq dataset of TCGA gastric cancer. * represents p < 0.05. HPA, Human Protein
Atlas; SLC39A4, solute carrier family 39 member 4; MMP7, matrix metallopeptidase 7; HEYL, hes related family bHLH transcription
factor with YRPWmotif like; AGMAT, Agmatinase; SLC27A2, Solute carrier family 27 member 2; AKR1C2, aldo-keto reductase family
1 member C2; CST2, Cystatin SA.

the low m7G_score group (Fig. 8B). Microsatellite insta-
bility analysis sensitized the effectiveness of immunother-
apeutic drugs, with a high m7G_score significantly corre-
lating with high-frequency microsatellite stability (MSI-H)
status compared to the microsatellite stable (MSS) group of
GC (Fig. 8C,D). TMB represents a mechanism by which
somatic cells increase antigenic species through mutations,
thereby counteracting tumors. The low m7G_score group
produced more mutations, which were more conducive for
GC patients to resist cancer progression compared to the
high group (Fig. 8E,F). This finding implies that samples
with low m7G_scores were sensitive to immunotherapy
and also had the potential to resist tumors through muta-
tions. Spearman correlation coefficients revealed a nega-

tive correlation between the m7G_score and the CSC in-
dex. GC patients with lower m7G_scores exhibited more
pronounced TSG properties and metastatic ability (Fig. 8J).
The combined analysis above contributed to understand-
ing the chemotherapeutic drug sensitivity assessment of
GC, and boxplots illustrated that m7G_score was positively
linked to the IC50 value of common chemotherapeutics, in-
cluding cisplatin, gemcitabine, and vorinostat (Fig. 8G–I).

Discussion

RNAmodifications play crucial roles in various cellu-
lar processes and human diseases, with recent focus on N-
methyladenosine, the most abundant type. RNA methyla-
tion is essential to cellular metabolism, stabilization, exonu-
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Fig. 8. Comprehensive analysis of immunity and treatment. (A) Correlations between the abundance of immune cells and the 7 genes
in this model. (B) Correlations between RPM_score and both immune and stromal scores. (C,D) Relationship between RPM_score
and MSI. (E) TMB in different RPM_score groups. (F) Spearman correlation analysis of the RPM_score and TMB. (G–I) Relationship
between RPM_score and chemotherapy sensitivity. (J) Association between RPM_score and CSC index. The * represents the statistically
significant p value < 0.05, ** represents p < 0.01, *** represents p < 0.001. MSI, microsatellite instability; TMB, tumor mutation
burden; CSC, cancer stem cell.

cleation, and protein translation. The modification of m7Gs
in relation to GC is an area of ongoing research, with emerg-
ing evidence suggesting a significant role of the TIME in
this interaction [17]. This study primarily investigated the
prognostic implications of overall alterations in m7Gs and
the mechanisms of differential immune cell infiltration at
the transcriptional and genetic levels in GC.

This study established a correlation between m7G and
gastric cancer in terms of prognosis and immune character-
istics. Comprehensive analyses investigated gene expres-
sion differences, clinicopathological characterization cor-
relations, overall survival, and biological pathways, provid-

ing new perspectives for further study of the TIME. Most
importantly, we integrated prognostic m7G-RPM and clin-
icopathological features to construct a nomogram, in which
the m7G_score was a GC prognostic independent factor ac-
cording to univariate and multivariate analyses. The result-
ing risk groups demonstrated distinct immune cell infiltra-
tion (including 22 immune cells and stromal components),
MSI, TMB, drug sensitivity, and CSC index. This model
is favorable for predicting the survival of GC patients and
provides novel perspectives for immunotherapy in combi-
nation with the TIME.
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This study focused on the specific role of seven m7G-
PRGs in tumor immunity regulation. In non-small cell
lung cancer, downregulation of SLC27A2 expression nega-
tively influences the Bmi1-ABCG2 signaling pathway, con-
tributing to cisplatin resistance in cancer stem cell (CSC).
Conversely, elevated SLC27A2 expression enhances CSC
sensitivity to chemotherapy [18]. The solute carrier fam-
ily genes encode membrane transport proteins, including
SLC39A4 and harbor Esr1 methylation with epigenetic al-
terations during development. However, the prognostic
value of individual SLC family 29 genes in GC remains
unclear [19]. HEYL is recognized as an important tran-
scriptional suppressor of hepatocellular carcinogenesis that
is frequently silenced or lost by promoter methylation [20].
Due to the epigenetic selection and loss of m7Gs induced
by DNA hypermethylation, AGMAT and AKR1C2 were
anticipated as biomarkers for predicting the prognosis of
GC patients. MMP7, a matrix metalloproteinase gene,
was post-transcriptionally repressed by histone methylation
transferase, cell proliferation, and metastasis; in GC cells,
monomethylated gene knockdown activatesMMP7 expres-
sion [21]. The overexpression of CST2 induces malignant
behaviors in GC cells by converting polar cells to motile
cells and transforming growth factor-β (TGF-β), whose
prognostic outcome aligns with the m7G-RPM variable co-
efficient observed in our study. Thus, RNAmethylation has
emerged as a fundamental process of epigenetic regulation,
and its dysregulation in GC is highly associated with tumor
progression, especially in the TIME.

Tumor immune microenvironment status significantly
influences chemotherapy response and clinical outcomes in
GC patients, making it a crucial factor for enhancing the
efficacy of immunotherapy. Two styles of TME pheno-
types were calculated, “immune hot” and “immune cold”.
The “immune hot” TME phenotype was characterized by
a wide distribution of effector B cells, infiltrating T cells,
M0 macrophages, and natural killer cells. In gastric tumor-
specific immunity, early B-cell factors (EBFs) exhibited in-
creased expression with DNA methylation, affecting over-
all survival [22]. Li et al. [23] discovered genes with in-
creased methylation levels, specifically miR-10b upstream
of CpG islands, impacting T-cell lymphoid infiltration and
metastasis. In a randomized controlled trial, Xu explored
the ability of ω-3 fatty acid immunonutritional therapy to
activate NK cells in GC patients by detecting methyla-
tion of the TNF-α gene promoter [24]. In this study, the
M0 phenotype demonstrated an inhibitory effect on can-
cer progression, while cancer cells utilized inhibitory path-
ways such as immune checkpoints, to evade attacks, result-
ing in an immune “cold” TME. Immunosuppressive cells
in the high-risk group mainly included regulatory T cells
(Treg), macrophages of the M2 phenotype, dendritic cells,
and mast cells. Tregs were key mediators of immune tol-
erance, whose functional stability was critical in terms of
GC prognosis and correlated with the demethylation sta-

tus of the Treg-spectrum transcription factor. Apart from
fine-tuning the M0 macrophage, demethylases inactivated
neoantigen presentation and cross-priming in DCs, and also
accelerated the degradation of STAT1 and PPAR-γ in M1
[25]. In GC, our model indirectly reflected the state of the
TIME and prognosticated outcomes. The m7Gs were an
important bridge for crosstalk between TME and GC prog-
nosis. Lower m7G_scores were correlated with enhanced
tumor purity and immune activation, suggesting m7G’s po-
tential involvement in evading immune surveillance. Sim-
ilarly, the composition of infiltrating immune cells influ-
enced m7G modification. Higher m7G_score profiles were
associated with a non-inflammatory and immune-evading
“cold” TME. Therefore, assessing m7G patterns helped
us understand the infiltration characteristics and targets of
TIME.

Considering relevant issues such as the clinical appli-
cability of methylation modification, we investigated im-
munotherapy predictors and drug-related antitumor activ-
ity. There were varying MSI states among the m7G_score
subgroups. A study examining gene mutations in MSI-H
colorectal and GC found that MSI-H gastric cancers exhib-
ited mutations in repair genes and prevalent methylation
of the hMLH1 promoter, particularly in antral sites [26].
Although most “methylated” tumors showed higher MSI,
these relationships were not statistically significant. Our
findings suggest that “hypermethylation” caused by m7Gs
in sporadic gastric cancer may be associated with a supe-
rior prognosis and a specific MSI-H phenotype. In TMB
quantitative analysis, the GC gene molecular subtype had
the lowest m7G_score, suggesting the potential prognos-
tic utility of the m7G modification pattern. However, ex-
cessive methylation was not conducive to the implementa-
tion of chemotherapy against tumors. Kodach et al. [27]
found that promoter methylation activates BMP signaling,
reduces cell “stemness”, and enhances chemotherapy sen-
sitivity in CRC. With intensive studies on tumor immunol-
ogy andmolecular biology, further understanding of the im-
portance of m7G patterns for immune checkpoint blockade
(ICB) therapy is essential, and supporting TMB-H-guided
immunotherapy strategies holds promise for improving GC
prognosis.

This study had a few limitations. Firstly, all RNA-seq
data were from public databases, thus lacking real-world
samples and prospective cohorts to validate. Secondly,
m7Gmethylation is a non-specific mechanism, and it is un-
certain whether m7Gs regulate the TIME. Thirdly, further
refinement of them7Gs library from future studies is needed
to optimize the methylation pattern. Finally, the detailed
role of some important variables, such as neoadjuvant ther-
apy, lesion, and GC type, might influence the TIME and
m7G modifications.
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Conclusion

In summary, this study elucidated that the m7Gs have
a broad regulatory mechanism in the remodeling and bidi-
rectional status of the TME. Furthermore, m7Gs also affect
the prognostic progression of GC through interactions with
immune infiltrating cells, MSI, and TMB. These findings
provide new insights into individualized immunotherapeu-
tic strategies for GC patients, guided by methylation adeno-
sine.
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