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Background: N6-methyladenosine (m6A) modification is a part of epigenetic research that
has gained increasing attention in recent years. m6A modification is widely involved in many
biological behaviors of intracellular RNA by regulating mRNA, thus affecting disease
progression and tumor occurrence. However, the effects of m6A modification on immune
cell infiltration of the tumormicroenvironment (TME) are uncertain in stomach adenocarcinoma
(STAD).

Methods: The Cancer GenomeMap (TCGA) database was used to download transcriptome
data, clinicopathological data, and survival data for m6A-regulated genes in 433 STAD tissues
that meet the requirements of this study. GSE84437 data were obtained from the Gene
Expression Omnibus (GEO) database. The correlation between 23 m6A regulated genes was
analyzed using R software. Sample clustering analysis was carried out on the genes of the
m6A regulatory factor, and survival analysis and differentiation comparison were made for
patients in clustering grouping. Then, the Gene Set Enrichment Analysis (GSEA), the single-
sampleGSEA (ssGSEA), and othermethodswere conducted to assess the correlation among
m6A modification patterns, TME cell infiltration characteristics, and immune infiltration
markers. The m6A modification pattern of individual tumors was quantitatively evaluated
using the m6A score scheme of the principal component analysis (PCA).

Results: From the TCGA database, 94/433 (21.71%) samples were somatic cell mutations,
and ZC3H13 mutations are the most common. Based on the consensus, matrix k-3 is an
optimal clustering stability value to identify three different clusters. Three types of m6A
methylation modification patterns were significantly different in immune infiltration. Thus,
1028 differentially expressed genes (DEGs) were identified. The survival analysis of the
m6A score found that patients in the high m6A score group had a better prognosis than
those in the low m6A score group. Further analysis of the survival curve combining tumor
mutation burden (TMB) and m6A scores revealed that patients had a significantly lower
prognosis in the low tumormutant group and the lowm6A score group (p=0.003). The results
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showed that PD-L1 was significantly higher in the high m6A score group than in the low score
group (p < 2.22e-16). The high-frequency microsatellite instability (MSI-H) subtype score was
significantly different from the other two groups.

Conclusions: This study systematically evaluated the modification patterns of 23 m6A
regulatory factors in STAD. The m6Amodification pattern may be a critical factor leading to
inhibitory changes and heterogeneity in TME. This elucidated the TME infiltration
characteristics in patients with STAD through the evaluation of the m6A modification
pattern.

Keywords: stomach adenocarcinoma, N6-methyladenosine, tumor microenvironment, immunotherapy, mutation
burden, microsatellites instability

KEY POINTS

• This study systematically evaluated the modification
patterns of 23 m6A regulatory factors in STAD.

• This study revealed that m6A modification is significantly
associated with TME diversity and complexity.

• The m6A score has the potential in predicting the clinical
response of PD-L1 blockade.

• Quantitative evaluation of the m6Amodification patterns of
individual tumors will strengthen our understanding of
TME characteristics and promote effective
immunotherapy strategies.

INTRODUCTION

Traditional epigenetics research focuses on DNA methylation,
histone modification, non-coding RNA, and chromatin
remodeling (Boccaletto et al., 2018). Methylation of N6

adenosine (m6A) is the primary methylation in eukaryotic
mRNA and long non-coding RNA and is regulated by
methyltransferases (writers), demethylases (erasers), and
binding proteins (readers) (Roundtree et al., 2017; Shen et al.,
2022). Substantial m6A methylation is detected in the “RRACH”
base sequence through high-throughput sequencing and
bioinformatics analysis (Meyer et al., 2012; Jenjaroenpun et al.,
2021). It is also rich in areas, such as stop codon and 3′-
untranslated region (UTR) (Dominissini et al., 2012). m6A
methylation regulates the translation of mRNA, nuclear
transport, and degradation, thereby determining the entire life
process of mRNA. Other RNAs in the cell, including transport
RNA (tRNA), ribosome RNA (rRNA), and long non-coding RNA
(lncRNA), also have a large amount of m6A methylation.
Moreover, studies have shown that m6A methylation is
involved in the complex and delicate regulation of critical
functional genes, especially in the development of tumors.
Therefore, studying the role of m6A modification is crucial to
clarify the tumor mechanism and clinical treatment.

In recent years, immunotherapy usage has revolutionized the
regulation of the immune system to exert the anti-tumor effect for
the treatment of malignant tumors. However, immunotherapy
offers lasting survival benefits in only 20%–30% of patients in

clinical practice (Tabernero et al., 2018). Most patients face
immunotherapy resistance. Therefore, the major issue of
immunotherapy is the lack of accurate prediction of the
dominant population and the systematic research and
response of drug resistance mechanisms, resulting in excessive
or insufficient immunotherapy. Recent studies on the interaction
between tumors and tumor microenvironments (TMEs) have
provided novel opportunities for immunotherapy. Tumor cells
induce immune escape by inhibiting the response and function of
infiltrative immune cells by suppressing signaling pathways, such
as the programmed cell death protein 1/programmed cell death
protein-ligand 1 (PD-1/PD-L1) (Chen and Flies, 2013; Beatty and
Gladney, 2015; Xiong et al., 2022). In addition, the metabolic
reconstruction of tumor cells consumes excess sugar, and amino
acids competitively deprive T cells of the required nutrients,
promoting the deactivation and immunosuppression of T cells
(Li and Zhang, 2016). On the other hand, the recruitment and
amplification of immunosuppressive cells in TME, such as
T-regulatory lymphocytes (Tregs), tumor-associated
macrophages (TAMs), and myeloid-derived suppressor cell
(MDSCs) is also one of the primary mechanisms that induce
immunosuppressive TME (Davis et al., 2016; Yang et al., 2021).
The immune status of TME is a critical factor affecting tumor
progression. TME presents a differentiated degree of immune
activation under the action of specific immune cells or molecules.
The targeted TME immunotherapy involves the intervention of
non-tumor cells and components and can transform the immune
response from tumor promotion to tumor suppression (Zou,
2018). Similarly, the combination of anti-tumor and multi-target
immunotherapy drugs can avoid adaptive resistance and improve
tumor prognosis and survival significantly (Lambrechts et al.,
2018; Lee et al., 2020).

Stomach adenocarcinoma (STAD) is one of the most common
malignant tumors worldwide. Statistically, the morbidity of
malignant tumors ranks fourth, and the mortality rate is third
(Chen et al., 2016). STAD is a multi-step, multi-factor disease
similar to other malignant tumors. Some studies demonstrated
that m6A is closely related to the immune status of TME. The
interaction among various mechanisms formed a complex
network that promoted the development of tumors (Liu et al.,
2022). Reportedly, METTL3 is high in STAD patients and
increases with the progression of tumor stages and grades
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(Wang et al., 2020; Yang et al., 2020). Strikingly, METTL3
knockout reduces the expression of EMT-related proteins,
thereby inhibiting STAD cell proliferation and migration.
Some studies have reported that high expression of METTL3
is significantly associated with the clinicopathological
characteristics and poor survival in STAD patients and that
knocking out METTL3 can inhibit cell proliferation,
migration, and invasion. Further RNA-seq and m6A-seq
analysis showed that METTL3 promotes STAD development
via m6A modification and regulates key proteins on MYC
target genes such as MCM5 and MCM6. In addition, it has
also been shown that EIF3B promotes the migration and
invasion of tumor cells by regulating EMT and STAT3
signaling pathways (Wang et al., 2019). However, the tumor
immunosuppressive microenvironment is a complex network
regulated by multiple immunosuppressive signals that are
constantly changing dynamically; hence, targeting a single
immunosuppressive signal alone does not achieve long-term
efficacy. Therefore, a multi-targeted immunotherapy strategy is
essential to understand the m6A modification combined with
TME to screen immunotherapy-sensitive markers. Also,
exploring new immunotherapy targets in the future is imperative.

In this study, we analyzed the differences in the expression of
m6A using STAD sample transcriptome data and related
mutation data from The Cancer Genome Atlas (TCGA) and
Gene Expression Omnibus (GEO) databases. Then, we evaluated
the correlation between m6A modification patterns and TME
cell-infiltrating characteristics. The TME characteristics of the
three m6A modification modes and the three immune
phenotypes were consistent. We also established a scoring
system for m6A modification patterns to quantify the patients
individually. The correlation between survival time, clinical
response to immunotherapy, tumor mutation burden (TMB),
and microsatellite instability (MSI) was assessed based on the
quantification of m6A modification patterns. These results
confirmed that m6A methylation plays a critical role in the
development of STAD through TME, creating opportunities to
predict the prognosis of clinical STAD patients and explore new
targeted treatments.

METHODS

Data Collection
TCGA and GEO downloaded RNA-seq transcription group and
clinical data from 433 STAD patients. This sample selected
GSE84437 cohorts with complete clinical information and
follow-up data for final inclusion in the study (Yoon et al.,
2020). The Fragments Per Kilobase of exon model per Million
mapped fragments (FPKM) format data were downloaded using
the “fpkm” function in R to convert them to the transcripts per
kilobase million (TPM) for the next analysis (Zhao et al., 2020).
Then, we performed copy number variation (CNV) data analysis
of qualified TCGA-STAD data. The CNV data were downloaded
from the UCSC Xena database (http://xena.ucsc.edu/). Data
analysis and collation were carried out using R software
(version 3.6.1).

m6A RNA Methylation Regulator for
Stomach Adenocarcinoma in The Cancer
Genome Map
We retrieved the literature related to m6A methylation
modification, and a total of 23 acknowledged m6A regulator
genes were curated and analyzed to identify distinct m6A
methylation modification patterns (Chen et al., 2019; Zaccara
et al., 2019; Liu et al., 2022; Mobet et al., 2022). Based on the
mRNA expression data available in TCGA, we analyzed 23 m6A
RNA methylation regulators (METTL3, METTL14, METTL16,
WTAP, VIRMA, ZC3H13, RBM15) RBM15B, FTO, ALKBH5,
YTHDC1, YTHDC2, YTHDF1, YTHDF2, YTHDF3, HNRNPC,
FMR1, LRPPRC, IGF2BP1, IGF2BP2, IGF2BP3, HNRNPA2B1,
and RBMX) data. The expression and the correlation of mRNA of
23 m6A methylation regulators were analyzed. The correlation
between PD-1, PD-L1, and m6A RNA methylation regulatory
factors was established, and the corresponding heat maps were
drawn. ConsensusClustPlus package was used for consistency
clustering. The optimal clustering (k-value) was evaluated based
on the clustering score of the cumulative distribution function
(CDF) curve. The R software ConsensuClusterPlus package was
used to draw a heat map and verify the differences using Wilcox
rank test through limma packets.

Unsupervised Consensus Clustering of 23
m6A Regulators and Functional Analysis
The m6A differential genes were analyzed using GSEA. p < 0.05
and the false discovery rate (FDR) < 0.05 indicated a significantly
enriched gene set. GSVA package was used for differential
analysis of m6A modification pattern activity (Foroutan et al.,
2018). ConsensusClustPlus package was utilized for consistency
clustering. We also used the clusterProfiler package for Gene
Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes
(KEGG) pathway enrichment analyses.

Immune Infiltrating Cell Analysis
TME immune infiltration cells used CIBERSORT (a
bioinformatics algorithm) to assess the correlation between
m6A expression and the abundance of tumor-infiltrating
immune cells (TIIC), including CD4-T cells, CD8-T cells, and
macrophages. Immune infiltration cells in TME for STAD were
analyzed using ssGSEA (Hanzelmann et al., 2013). The
differences between the m6A modification patterns and
immune cells were analyzed using differential analysis of
immune cells.

Differentially Expressed Genes Among the
m6A Phenotypes
We used the R limma package to screen for m6A Differentially
Expressed Genes (DEGs) between different m6A phenotypes.
The adjusted p-value < 0.05 was set The significance filtering
criteria of DEG. GO and KEGG analyses of the differential genes
were carried out using the R clusterProfiler and enrichplot
packages. The results are shown in bar and bubble charts.
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Prognostic Signature of m6A-Related
Genes
The differences in genes in different m6A clusters in STAD
patients were quantified using the principal component
analysis (PCA). First, we extracted the overlapping genes from
DEGs. Then, consensus clustering algorithms were employed to
test the number and stability of gene clusters. Finally, PCA was
used to analyze the different genes related to prognosis. Next, we
established m6A-related features based on the results of the
analysis. In addition, PCA maximized the integrity of the data.
This method was used to assess the m6A gene characteristics of
STAD patients, termed the m6A score. The m6A score was
calculated using the following formula (Sotiriou et al., 2006;
Zeng et al., 2019): m6Ascore = ∑(PC1i + PC2 i), where i
represents the expression of m6A-related genes. Patients were
divided into high- and low-score groups based on the ranking
statistics. Subsequently, we used immunophenoscore (IPS) to
detect the characteristics of the tumor immune landscape

(Charoentong et al., 2017). IPS was used to detect the efficacy
of anti-CTLA-4 and anti-PD-1 treatment regimens and
calculated using four types of immune-related genes: MHC
molecules (MHC), immunomodulators (CP), and effector cells
(EC), and suppressor cells (SC).

Statistical Analysis
Statistical analysis was carried out using R 3.6.1 software. The
comparison of the expression levels of core genes between
different genotype groups did not show normal distribution, as
shown in the median and quartile number of spacings (P25, P75).
Wilcoxon testing was used for group comparisons. A single-
factor Cox analysis of 23 m6A methylation regulators used the
survival package and screening condition p < 0.05 to determine
the correlation between RNA m6A methylation regulation in
STAD tumor tissue and prognosis related to mRNA expression.
The log-rank Kaplan–Meier survival curve analyzed the
progenitive correlation. Spearman’s test was used in the

FIGURE 1 | Genetic variation profile of m6A regulators in STAD. (A)Mutation frequency of the m6A regulators of stomach adenocarcinoma patients in the TCGA-
STAD cohort. (B) Location of CNV changes of 23 m6A regulators on the chromosome. (C) A histogram plotting the CNV mutation frequency of each gene obtained by
statistical analysis of the copy number of m6A. The abscissa was them6A-related gene, and the ordinate was themutation frequency. (D) The box plot of m6A differential
expression analysis in the tumor and normal samples. The asterisks represented the statistical p value (pppp < 0.0001, ppp < 0.01, pp < 0.05).
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analysis of the correlation between the core genes and the
infiltration degree of different immune cells. 0.1 ≤ |r| ≤ 1.0
was defined as relevant. p < 0.05 indicated statistically
significant differences.

RESULTS

Genetic Variation Profile of m6A Regulators
in Stomach Adenocarcinoma
In this study, we identified the role of 23 m6A regulation genes in
STAD, including 13 readers, 8 writers, and 2 erasers. After
downloading the relevant mutation data from the TCGA
database, we identified somatic cell mutations in 94/433
(21.71%) samples; among these, ZC3H13 mutations were the
most common (Figure 1A). The position of the m6A regulator
CNVmutation on the chromosome is observed on the Circos plot
(Figure 1B). Further analysis of CNV mutations revealed that
VIRMA, YTHDF1, and FMR1 showed extensive CNV
amplification, while YTHDF2, RBM15B, and YTHDC2
showed widespread CNV deficiency (Figure 1C). Next, we
investigated whether changes in CNV altered the expression of
regulatory m6A in STAD and found that almost all m6A
regulators were expressed significantly higher in STAD tissue
than in normal tissue, except IGFBP2 (Figure 1D). These results
indicated significant genetic variation characteristics of m6A
regulatory in STAD, suggesting that the complexity of m6A
modification and tumor heterogeneity play a fundamental role
in STAD development.

Identification of m6A Methylation
Modification Patterns in Stomach
Adenocarcinoma
GSE84437 dataset with complete survival and clinical
information in the GEO database and the TCGA-STAD (n =
443) data were merged for the analysis of the correlation of tumor
mutation load. The results showed that TTN and TP53 had the
highest TMB. The top 10 genes of the mutant burden are shown
in Supplementary Table S1. According to the most common
mutation of ZC3H13, the m6A regulator genes were divided into
ZC3H13 wild-type and ZC3H13 mutation type. The results of the
TMB and expression correlation analysis of the m6A regulator
genes are shown in Supplementary Figure S1. The prognostic
correlation analysis of the m6A regulatory genes by Cox analysis
method identified a correlation between RBM15, IGFBP3,
HNRNRPPC, HNRNPA2B1, IGFBP1, IGFBP2, and LRPPRC
and prognosis (Supplementary Table S2). Next, we conducted
a survival analysis of the m6A regulatory genes. Each m6A
regulator gene was assigned to high- or a low-expression
group according to the optimal cutoff value in the stomach
adenocarcinoma tissue. The results showed that the groups
with low expression of FTO, IGFBP3, IGFBP2, IGFBP1, and
ZC3H13 had better survival rates than those patients in the
high-expression group, while those with high expression of
RBMX, HNRNPA2B1, LRPPRC, FMR1, HNRNPC, YTHDF2,
YTHDC2, RBM15B, RBM15, WTAP, and METTL3 had better

survival rates than patients in the low-expression group
(Supplementary Figure S2). The m6A prognostic network
illustrated that the expression of most genes are positively
correlated among writers, readers, and erasers, except that
YTHDF3, IGFBP2, LRPPRC, and IGFBP3 were negatively
correlated among writers, readers, and erasers (Figure 2A).
The non-negative matrix factorization (NMF) clustering has a
consensus with respect to the expression of m6A regulators.
Based on the consensus, matrix k-3 was an optimal clustering
stability value; finally, three different clusters were identified
(Supplementary Figure S3): m6Acluster-A (n = 317),
m6Acluster-B (n = 204), and m6Acluster-C (n = 283).
Figure 2B shows that m6Acluster-C has a better survival
advantage, while m6Acluster-A has a poor prognosis (p =
0.005) among the three clusters.

Distinct Immune Landscapes in m6A
Modification Patterns
By using GSVA, m6Acluster-A was significantly enriched in
environmental information processing and signaling
interaction; m6Acluster-B was significantly enriched in the
immune system and biosynthesis of other secondary
metabolites; m6Acluster-C was significantly enriched in
environmental information processing and signal transduction
(Figures 3A–C). Next, we used ssGSEA, which showed a rich
innate immune cell immersion in m6Acluster-A. Figure 3D
shows significant differences in the penetration characteristics
of TME cells in the three clusters. The PCA results showed
significant differences between the transcriptomes of the three
m6A modification patterns (Figure 3E). The typed heat map of
m6A revealed that the m6A-related genes were highly expressed
in cluster-B and lowly in clusters A and C (Figure 3F).

m6A-Related Genes’ Functional Annotation
Although we divided STAD patients into three gene clusters
based on the consensus clustering algorithm, the correlation
between the m6A-related genes was not clarified. Hence, we
analyzed the differences between m6A gene clusters
(Figure 4A) and identified 1028 DEGs (Supplementary Table
S2). The GO enrichment bar and bubble charts showed that the
differential genes occurred in almost all cellular functions. In
biological process (BP), the main enrichment was in RNA
localization; in cellular component (CC), it was in the nuclear
pore; in molecular function (MF), themain enrichment was in the
ATPase activity (Figures 4B,C). The KEGG enrichment bar and
bubble charts exhibited the involvement of the differential genes
in the signaling pathway of nucleocytoplasmic transport
(Figures 4D,E).

Identification of m6A-Related Genes’
Phenotypes and m6A Scores
To further analyze the DEGs associated with m6A phenotypes,
we used a single-factor Cox method to identify the differential
genes associated with STAD prognosis. Similar to the m6A
modification pattern, we classified the m6A genomic
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phenotype into three categories: genecluster-A (n = 347),
genecluster-B (n = 237), and genecluster-C (n = 220)
(Supplementary Figure S4). The genecluster heat map
containing clinical information showed a high expression of
genecluster-C and low expression of genecluster-B
(Figure 5A). The survival analysis of the three groups revealed
that genecluster-B had the worst prognosis (p < 0.001)
(Figure 5B). The difference analysis of genotype m6A showed
significant differences among the three genotypes (Figure 5C).
Considering the complexity of the quantification of m6A
modification, we illustrated the workflow of m6A score
construction with the Sankey diagram (Figure 5D). Next, we
then rated m6A based on m6A correlation characteristics and
divided it into the high m6Ascore group and the low m6Ascore
group. The results of immunocyte difference analysis using m6A
scores showed a significant positive correlation between m6A
scores and activated CD4.T.cellna (Figure 5E). The results of the
m6A score difference analysis showed that the scores were
expressed in both the m6A cluster and the genecluster. The
m6Acluster-B had the highest m6A score among the
m6Aclusters (Figure 5F), while the genecluster-C had the
highest score among geneclusters (Figure 5G).

m6A Scores’ Clinical Prognosis Analysis
and Somatic Tumor Mutations
The survival analysis of the m6A score found that patients in
the high m6A score group had a better prognosis than those in
the low score group (Figure 6A). The analysis of the m6A score
and TMB revealed a difference between patients in the high

m6A score group and those in the low m6A score group;
patients in the high m6A score group had high TMB (p < 0.001,
Figure 6B). The correlation analysis showed a significant
positive correlation between the m6A score and TMB (R =
0.35, p = 6.8e-12, Figure 6C). The survival analysis of TMB
found that patients with a high number of mutations had a
better survival duration than those with low mutations (p <
0.001, Figure 6D). Further analysis of the survival curve
combining TMB and m6A scores found that patients had a
significantly lower prognosis in the low tumor mutant and the
low m6A score group (p = 0.003, Figure 6E). The STAD
samples of the m6A score groups were analyzed based on
the significant mutant gene (SMG). It was found that TTN and
TP53 had high somatic mutation rates in both m6A score
groups and high somatic mutation rates in the high m6A score
groups (Figures 6F,G).

Clinical Evaluation of m6A Scores
Next, we analyzed the clinical relevance of the m6A score. As
shown in Figure 7A, STAD patient deaths occurred in the low
m6A score group. The rank test results showed that patients in
the high m6A score group had prolonged survival (Figure 7B).
To further analyze the clinical relevance, we divided the
patients into the T1-T2 and the T3-T4 groups. The results
of survival analyses of both groups showed that patients in the
high m6A score group had a better prognosis than those in the
lowm6A score group (Figures 7C,D). To detect the differences
in PD-L1 expression in the m6A score and support-related
immunotherapy, we tested the expression of PD-L1 in the m6A
score and observed that PD-L1 was significantly higher in the

FIGURE 2 | Identification of m6A methylation modification patterns in STAD. (A) Interaction of 23 m6A regulators and their prognostic significance in STAD. The
circle size represented the effect of each regulator on the prognosis, and the range of values calculated by Cox test was p < 0.001, p < 0.01, p < 0.05, and p < 1,
respectively. (B) Kaplan–Meier curves of m6A modification patterns. Kaplan-Meier curves with Log-rank p-value 0.005 showed a significant survival difference among
three m6A modification patterns.
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high m6A score group than in the low score group (p < 2.22e-
16, Figure 7E).

Role of the m6A Scores in Immunotherapy
Presently, immunotherapy is becoming a prominent treatment
method. Anti-HER-2 antibodies, anti-VEGF antibodies, tyrosine-
kinase inhibitor (TKI), and immuno-checkpoint inhibitors (ICIs)
have achieved preliminary results in the treatment of STAD.
Thus, we tested the expression of IPS andMSI in them6A score to

predict the patient’s response to ICI treatment. Figure 8A shows
that the IPS of the m6A score was not significantly different in
CTLA-4/PD-1 immunotherapy in two groups. In the other three
groups, the IPS of the low m6A score group increased
significantly compared to the high m6A score group (Figures
8B–D). To explore the critical clinical significance of
chemotherapy response to MSI gastric cancer, we divided MSI
into three groups, high-frequency microsatellite instability (MSI-
H), low-frequency microsatellite instability (MSI-L), and

FIGURE 3 | Distinct immune landscapes in m6A modification patterns and the biological characteristics of each pattern. (A–C) GSVA analyzed the differences
between functional pathways in m6A modification patterns (adjusted p-value < 0.05). (A), m6Acluster A vs. m6Acluster B; (B), m6Acluster B vs. m6Acluster C; (C),
m6Acluster A vs. m6Acluster C. (D) Differential expression analysis of 23 immune cells among three m6A modification patterns. The asterisks represented the statistical
p value (pppp < 0.0001, ppp < 0.01, pp < 0.05). (E) Scatter plot of PCA for m6Amethylation modification pattern. (F) Unsupervised clustering of 23 m6A regulators of
STAD.
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microsatellite stability (MSS), according to the MSI diagnostic
criteria proposed by the Cancer Institute (NCI). As seen in
Figure 8E, MSS was high in the high and low m6A score
groups. The MSI-H subtype score was significantly different
from the other two groups and had a higher score (Figure 8F).

DISCUSSION

m6Amodification plays an important role in gene regulation and
tumor development (Zhao et al., 2017). Overexpression or low
expression of m6A-related genes can alter m6A modification in
tumors and affect tumor development (Chen et al., 2019;
Shulman and Stern-Ginossar, 2020). Thus, understanding the
molecular mechanism of m6A modification and identifying the
abnormal expression of m6A regulatory factors in clinical biopsy
specimens is crucial for the clinical treatment and prognosis of
early tumor diagnosis. Although the function of m6A in different
cell types and microenvironments is being revealed gradually, the
role of multiple m6A regulators in TME cell infiltration and the
molecular mechanism of the anti-tumor immune response is yet

unclear. Therefore, STAD immunotherapy was explored with
respect to the characteristics of TME cell infiltration in different
m6A modification patterns.

In the current study, we used 23 m6A methylation-related
genes and found three types of m6A methylation modification
patterns that differed significantly in immune infiltration.
m6Acluster-A had high immune cell number and lymphocyte
infiltration, m6Acluster-B was involved in the Wnt, TGF-β,
JAK2, and other signaling pathways, and m6Acluster-C was
deficient in immune cell infiltration. These three types of m6A
methylation modification patterns correspond to immune-
inflammatory type (immune inflamed), immuno-exclusion
type (immune exclusive), and immune desert type (immune
desert), respectively (Chen and Mellman, 2017). A
comprehensive analysis of the infiltration characteristics of
TME cells in the m6A methylation modification pattern in
STAD provided a new strategy for exploring STAD-targeted
therapeutic drugs. The immune inflammatory tumors are
referred to as tumors with high levels of PD-L1 expression in
cancer cells and excess immune cells and tumor-insulated
lymphocytes (TILs) in the tumor. In the trials of PD-1/L1

FIGURE 4 | m6A-related genes’ functional annotation. (A) 1028 m6A-related DEGs between three m6A clusters are shown in the Venn diagram. (B) Functional
annotation for m6A-related genes using GO enrichment analysis on the bar chart. (C) Functional annotation for m6A-related genes using GO enrichment analysis on the
bubble chart. (D) Functional annotation for m6A-related genes using KEGG enrichment analysis on the bar chart. (E) Functional annotation for m6A-related genes using
KEGG enrichment analysis on the bubble chart.
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inhibitor monotherapy of non-small cell lung cancer, such as
KEYNOTE-042 and IMpower110, patients with high PD-L1
expression (≥50%) were likely to have prolonged survival
(Mok et al., 2019; Herbst et al., 2020). Even in the high
expression subgroup, the objective remission rate (ORR) of
treatment was only about 40%. Therefore, the inflammatory
tumors need to be investigated in-depth to improve the

benefits of treatment. For example, previous studies suggested
that PD-L1 had a high expression, TILs were fully infiltrated, and
immunotherapy was effective. However, subsequent studies
hinted that it might be necessary to distinguish between highly
expressed PD-L1 in TME and immune or cancer cells. If PD-L1
came from immune cells, there were more TILS in the TME,
especially CD8-T cells. On the other hand, TILs were abundant in

FIGURE 5 | Identification of m6A-related genes’ phenotypes and m6A scores. (A) Heat map of genetic modification patterns. (B) Survival curves of different
geneclusters (p < 0.0001, Log-rank test). (C) Box plot of the differential expression analysis of m6A-related genes among different geneclusters. The asterisks
represented the statistical p value (pppp < 0.0001, ppp < 0.01, pp < 0.05). The one-way ANOVA test was used to test the statistical differences among three gene clusters.
(D) Sankey diagrams of different genotypes. (E) Correlation analysis between the m6A score and immune cells, with red indicating positive correlation and blue
indicating a negative correlation. The Kruskal-Wallis test was used to compare the statistical difference between three gene clusters (p < 0.001). (F) Differential
expression analysis of the m6A score in the m6A cluster. (G) Difference analysis of m6A score in genecluster (p < 0.001, Kruskal-Wallis test)
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FIGURE 6 | m6A scores’ clinical prognosis analysis and somatic tumor mutations. (A) Survival analysis of high- and low-m6A score groups using Kaplan-Meier
curves (p < 0.001, Log-rank test). (B) Stratified analysis of the m6A score for STAD patients by tumor mutation burden (p < 0.001, Wilcoxon test). (C) A scatter plot
describing the positive correlation between the m6A score and TMB. (D) Survival analysis of TMB (p < 0.001, Log-rank test). (E) Survival analysis of TMB combined with
m6A score (p = 0.003, Log-rank test). (F) Waterfall chart of the high-m6A score group. (G) Waterfall chart of the low-m6A score group.
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the tumor, tumor and matrix interface, and matrix. Thus, optimal
response conditions were created for immunotherapy, such that
patients may have a better response to the treatment of PD-1/L1
inhibitors. Conversely, if PD-L1 came from tumor cells, TILs
were mostly immersed in the matrix around the tumor.
Therefore, the infiltration characteristics of TME cells in m6A
methylation modification patterns provided potential therapeutic
targets and novel ideas for the prevention of STAD.

In addition, we identified DEGs based on the m6A
methylation modification patterns. Further analysis showed
that these DEGs had m6A-related characteristic genes closely
related to tumor prognosis and immune pathways. These m6A-
related characteristic genes were genotyped according to the
cluster analysis. The results of the analysis of the phenotype
genes showed that they were closely related to cell-matrix and
immune activation, which further validated the role of m6A
methylation in TME. Then, we adjusted the mRNA levels
according to m6A regulatory genes and classified them into
high- and low-expression groups according to the mRNA
expression median value. Subsequently, the m6A score model
was constructed to evaluate the m6A modification patterns in
individual patients with STAD, and the effects of individual
heterogeneity were excluded. This provided accurate guidance

for immunotherapy in patients with STAD. According to the
m6A score difference analysis results, m6Acluster-B with
immuno-exclusion type had the highest m6A score, while
m6Acluster-A with immune-inflammatory type had the lowest
m6A score. The immuno-correlated analysis established a
positive correlation between m6A scores and CD4+ T cells.
These results showed that the m6A score could determine the
TME-infiltrated tumor immunophenotype and guide precision
immunotherapy in patients with STAD. Several studies have
reported that the higher the TMB in cancer patients, the
better the prognosis (Cheng et al., 2015; Li et al., 2016; Kelly,
2017; Wei et al., 2021). Therefore, TMB can be used as a
predictive biomarker for patients with STAD during ICI
progression, facilitating clinical decision-making. Our analysis
found that the m6A score was significantly positively correlated
with TMB, which was consistent with previous findings.
Subsequent studies found a correlation between the m6A score
in mutation burden, PD-L1 expression, and MSI state.
Additionally, the predictive advantages of the m6A score in
immunotherapy of patients with STAD were determined.

A large number of studies have found that m6A-related genes
play a major role in the progression and metastasis of STAD.
METTL3 was the main catalytic component of methyl transfer

FIGURE 7 | Validation and application of the m6A score in clinical evaluation. (A) Proportion of survival and death in high- and low-m6A score groups. (B)
Comparison of the m6A score between survival and dead patients (p < 0.001, Wilcoxon test). (C) Stratified analysis of the m6A score for STAD patients by T1-T2
(p = 0.006, Log-rank test). (D) Stratified analysis of m6A score for STAD patients by T3-T4 (p < 0.001, Log-rank test). (E) Stratified analysis of m6A score for
STAD patients by PD-L1 (p < 0.0001, Wilcoxon test).
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enzyme complexes, and its abnormal expression can alter the
expression ofm6AmRNA, affecting the proliferation, metastasis,
invasion, and apoptosis of STAD. Yue et al. (2019) demonstrated
that elevated METTL3 expression was positively correlated with
poor prognosis in patients and thus contributed to the epithelial-
mesenchymal transition process and metastasis. Jiang et al.
(2020) demonstrated that METTL3 knockout increases the
expression of suppressor of cytokine signaling (SOCS) protein
families in STAD cells and that SOCS2 expression is negatively
correlated with STAD cell proliferation. This phenomenon
suggested that a decline in METTL3 elevates SOCS2
expression and inhibits STAD cell proliferation. A recent
study found that m6A and METTL3 expression levels
increased in STAD and that elevated METTL3 expression
indicated high malignancy and poor prognosis in patients
(Sun et al., 2020). FTO was the first m6A methylation enzyme
to be discovered. Some studies found that FTO was associated
with STAD development and might be a vital molecular target for
monitoring STAD prognosis. Zhang et al. (2019) demonstrated
that low m6A signals were associated with poor
clinicopathological characteristics of STAD. The mechanism
studies revealed that FTO overexpression could reduce m6A
methylation levels, activate Wnt/PI3K-AKT pathways, and
promote malignant phenotypes of STAD. The YTH family

protein is bound to mRNA containing m6A, which regulates
the positioning and stability of mRNA. This family of proteins
was associated with the development of STAD. Based on the
biological information from various human cancer databases, one
study found that about 7% of STAD patients had YTHDF1
mutations and that high expression of YTHDF1 was
associated with high tumor proliferation rates and poor overall
survival (Pi et al., 2021). In vivo and in vitro experiments
confirmed that YTHDF1 promotes the translation of the Wnt
pathway key receptor protein frizzled 7 (FZD7) in a m6A-
dependent manner and enhanced the expression of FZD7.
Subsequently, the Wnt/β-catenin signaling pathway was
triggered; which facilitated the occurrence of STAD. These
results confirmed our findings and demonstrated that m6A-
related genes in TME play a critical role in the metabolism,
drug resistance, and metastasis of STAD, suggesting that m6A
modification can be used as a target for the prevention and
treatment of STAD.

The systematic study on the m6A score revealed its role in gastric
cancer patients in clinical practice. First, them6A score could be used
to evaluate m6A methylation patterns in patients with STAD, which
elaborated the corresponding TME cell infiltration characteristics.
This enhanced our understanding of the immune phenotype of
STAD, thereby improving the clinical treatment conversion effect.

FIGURE 8 | Analysis of the m6A score in anti-PD-L1 and CTLA-4 immunotherapy. (A) Differential analysis for the low m6A score group and the high m6A score
group in immunophenoscore (IPS) with CTLA4 (+)/PD1 (+) (p = 0.084, Wilcoxon test). (B) Differential analysis for the lowm6A score group and the high m6A score group
in IPS with CTLA4 (+)/PD1 (−) (p < 0.0001, Wilcoxon test). (C) Differential analysis for the lowm6A score group and the high m6A score group in IPS with CTLA4 (−)/PD1
(+) (p = 0.013, Wilcoxon test). (D) Differential analysis for the low m6A score group and the high m6A score group in IPS with CTLA4 (−)/PD1 (−) (p < 0.0001,
Wilcoxon test). (E) The proportion of the m6A score in groups with high or lowMSI and stable status. (F) Differences in the m6A score among high or low MSI and stable
status. The differences between the three groups were compared through the Kruskal-Wallis test. MSS, microsatellite stable; MSI-H, highmicrosatellite instability; MSI-L,
low microsatellite instability.
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In this study, we found that the m6A score was closely related to the
clinicopathological characteristics of STAD, including TNM, TMB,
and MSI. Therefore, the m6A score can be used as an independent
prognostic biomarker for STAD to guide clinical treatment, as well as
a supplementary assessment criterion for immunotherapy to predict
the clinical effects of immunotherapy. Furthermore, it can also be
used as a sensitive index of precision immunotherapy for STAD.
Importantly, the present study confirmed the role of m6A regulatory
factors or m6A phenotype-related genes in STAD. Targeting these
genes can alter the characteristics of TME cell infiltration and
improve the effectiveness of targeted immunotherapy, thereby
opening a new avenue for epigenetics and tumor research and the
underlying regulatory mechanisms.

CONCLUSION

In summary, this study systematically evaluated the
modification patterns of 23 m6A regulatory factors in
STAD. Thus, it was proved that different modification
patterns may be critical factors leading to inhibitory
changes and heterogeneity in TME. This will elucidate TME
infiltration characteristics in patients with STAD based on the
evaluation of m6A modification patterns. This promoted basic
research in relevant areas and created opportunities for clinical
STAD patients to predict prognosis and explore novel
immunotherapies.

DATA AVAILABILITY STATEMENT

The datasets presented in this study can be found in online
repositories. The names of the repository/repositories and
accession number(s) can be found in the article/
Supplementary Material.

AUTHOR CONTRIBUTIONS

YB and LTH designed the work; ZMJ and YB wrote the main
manuscript text; ZMJ prepared figures and tables.

ACKNOWLEDGMENTS

The data for this work were obtained from the TCGA and GEO
databases. The authors acknowledge contributions from these
resources and the staff who expand and improve the databases.

SUPPLEMENTARY MATERIAL

The SupplementaryMaterial for this article can be found online at:
https://www.frontiersin.org/articles/10.3389/fcell.2022.913307/
full#supplementary-material

REFERENCES

Beatty, G. L., and Gladney, W. L. (2015). Immune Escape Mechanisms as a Guide
for Cancer Immunotherapy. Clin. Cancer Res. 21 (4), 687–692. doi:10.1158/
1078-0432.CCR-14-1860

Boccaletto, P., Machnicka, M. A., Purta, E., Piątkowski, P., Bagiński, B., Wirecki, T.
K., et al. (2018). MODOMICS: a Database of RNAModification Pathways. 2017
Update. Nucleic Acids Res. 46 (D1), D303–D307. doi:10.1093/nar/gkx1030

Charoentong, P., Finotello, F., Angelova, M., Mayer, C., Efremova, M., Rieder, D.,
et al. (2017). Pan-cancer Immunogenomic Analyses Reveal Genotype-
Immunophenotype Relationships and Predictors of Response to Checkpoint
Blockade. Cell Rep. 18 (1), 248–262. doi:10.1016/j.celrep.2016.12.019

Chen, D. S., andMellman, I. (2017). Elements of Cancer Immunity and the Cancer-
Immune Set Point. Nature 541 (7637), 321–330. doi:10.1038/nature21349

Chen, L., and Flies, D. B. (2013). Molecular Mechanisms of T Cell Co-stimulation
and Co-inhibition. Nat. Rev. Immunol. 13 (4), 227–242. doi:10.1038/nri3405

Chen,W., Zheng, R., Baade, P. D., Zhang, S., Zeng, H., Bray, F., et al. (2016). Cancer
Statistics in China, 2015. CAACancer J. Clin. 66 (2), 115–132. doi:10.3322/caac.
21338

Chen, X.-Y., Zhang, J., and Zhu, J.-S. (2019). The Role of M(6)A RNAMethylation
in Human Cancer. Mol. Cancer 18 (1), 103. doi:10.1186/s12943-019-1033-z

Cheng, D. T., Mitchell, T. N., Zehir, A., Shah, R. H., Benayed, R., Syed, A., et al.
(2015). Memorial Sloan Kettering-Integrated Mutation Profiling of Actionable
Cancer Targets (MSK-IMPACT): A Hybridization Capture-Based Next-
Generation Sequencing Clinical Assay for Solid Tumor Molecular Oncology.
J. Mol. Diagnostics 17 (3), 251–264. doi:10.1016/j.jmoldx.2014.12.006

Davis, R. J., VanWaes, C., and Allen, C. T. (2016). Overcoming Barriers to Effective
Immunotherapy: MDSCs, TAMs, and Tregs as Mediators of the
Immunosuppressive Microenvironment in Head and Neck Cancer. Oral
Oncol. 58, 59–70. doi:10.1016/j.oraloncology.2016.05.002

Dominissini, D., Moshitch-Moshkovitz, S., Schwartz, S., Salmon-Divon, M.,
Ungar, L., Osenberg, S., et al. (2012). Topology of the Human and Mouse

m6A RNA Methylomes Revealed by m6A-Seq. Nature 485 (7397), 201–206.
doi:10.1038/nature11112

Foroutan, M., Bhuva, D. D., Lyu, R., Horan, K., Cursons, J., and Davis, M. J. (2018).
Single Sample Scoring of Molecular Phenotypes. BMC Bioinforma. 19 (1), 404.
doi:10.1186/s12859-018-2435-4

Hänzelmann, S., Castelo, R., and Guinney, J. (2013). GSVA: Gene Set Variation
Analysis for Microarray and RNA-Seq Data. BMC Bioinforma. 14, 7. doi:10.
1186/1471-2105-14-7

Herbst, R. S., Giaccone, G., de Marinis, F., Reinmuth, N., Vergnenegre, A., Barrios,
C. H., et al. (2020). Atezolizumab for First-Line Treatment of PD-L1-Selected
Patients with NSCLC. N. Engl. J. Med. 383 (14), 1328–1339. doi:10.1056/
NEJMoa1917346

Jenjaroenpun, P., Wongsurawat, T., Wadley, T. D., Wassenaar, T. M., Liu, J., Dai,
Q., et al. (2021). Decoding the Epitranscriptional Landscape from Native RNA
Sequences. Nucleic Acids Res. 49 (2), e7. doi:10.1093/nar/gkaa620

Jiang, L., Chen, T., Xiong, L., Xu, J. H., Gong, A. Y., Dai, B., et al. (2020).
Knockdown of m6A Methyltransferase METTL3 in Gastric Cancer Cells
Results in Suppression of Cell Proliferation. Oncol. Lett. 20 (3), 2191–2198.
doi:10.3892/ol.2020.11794

Kelly, R. J. (2017). Immunotherapy for Esophageal and Gastric Cancer. Am. Soc.
Clin. Oncol. Educ. Book 37, 292–300. doi:10.14694/EDBK_17523110.1200/
edbk_175231

Lambrechts, D., Wauters, E., Boeckx, B., Aibar, S., Nittner, D., Burton, O., et al.
(2018). Phenotype Molding of Stromal Cells in the Lung Tumor
Microenvironment. Nat. Med. 24 (8), 1277–1289. doi:10.1038/s41591-018-
0096-5

Lee, H. W., Chung, W., Lee, H.-O., Jeong, D. E., Jo, A., Lim, J. E., et al. (2020).
Single-cell RNA Sequencing Reveals the Tumor Microenvironment and
Facilitates Strategic Choices to Circumvent Treatment Failure in a
Chemorefractory Bladder Cancer Patient. Genome Med. 12 (1), 47. doi:10.
1186/s13073-020-00741-6

Li, X., Wu, W. K. K., Xing, R., Wong, S. H., Liu, Y., Fang, X., et al. (2016). Distinct
Subtypes of Gastric Cancer Defined by Molecular Characterization Include

Frontiers in Cell and Developmental Biology | www.frontiersin.org June 2022 | Volume 10 | Article 91330713

Meijing et al. N6-Methyladenosine and Tumor Microenvironment Immune Characteristics

https://www.frontiersin.org/articles/10.3389/fcell.2022.913307/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fcell.2022.913307/full#supplementary-material
https://doi.org/10.1158/1078-0432.CCR-14-1860
https://doi.org/10.1158/1078-0432.CCR-14-1860
https://doi.org/10.1093/nar/gkx1030
https://doi.org/10.1016/j.celrep.2016.12.019
https://doi.org/10.1038/nature21349
https://doi.org/10.1038/nri3405
https://doi.org/10.3322/caac.21338
https://doi.org/10.3322/caac.21338
https://doi.org/10.1186/s12943-019-1033-z
https://doi.org/10.1016/j.jmoldx.2014.12.006
https://doi.org/10.1016/j.oraloncology.2016.05.002
https://doi.org/10.1038/nature11112
https://doi.org/10.1186/s12859-018-2435-4
https://doi.org/10.1186/1471-2105-14-7
https://doi.org/10.1186/1471-2105-14-7
https://doi.org/10.1056/NEJMoa1917346
https://doi.org/10.1056/NEJMoa1917346
https://doi.org/10.1093/nar/gkaa620
https://doi.org/10.3892/ol.2020.11794
https://doi.org/10.14694/EDBK_17523110.1200/edbk_175231
https://doi.org/10.14694/EDBK_17523110.1200/edbk_175231
https://doi.org/10.1038/s41591-018-0096-5
https://doi.org/10.1038/s41591-018-0096-5
https://doi.org/10.1186/s13073-020-00741-6
https://doi.org/10.1186/s13073-020-00741-6
https://www.frontiersin.org/journals/cell-and-developmental-biology
www.frontiersin.org
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


Novel Mutational Signatures with Prognostic Capability. Cancer Res. 76 (7),
1724–1732. doi:10.1158/0008-5472.CAN-15-2443

Li, Z., and Zhang, H. (2016). Reprogramming of Glucose, Fatty Acid and Amino
Acid Metabolism for Cancer Progression. Cell. Mol. Life Sci. 73 (2), 377–392.
doi:10.1007/s00018-015-2070-4

Liu, L., Li, H., Hu, D., Wang, Y., Shao, W., Zhong, J., et al. (2022). Insights into N6-
Methyladenosine and Programmed Cell Death in Cancer. Mol. Cancer 21 (1),
32. doi:10.1186/s12943-022-01508-w

Meyer, K. D., Saletore, Y., Zumbo, P., Elemento, O., Mason, C. E., and Jaffrey, S. R.
(2012). Comprehensive Analysis of mRNAMethylation Reveals Enrichment in
3′ UTRs and Near Stop Codons. Cell 149 (7), 1635–1646. doi:10.1016/j.cell.
2012.05.003

Mobet, Y., Liu, X., Liu, T., Yu, J., and Yi, P. (2022). Interplay between M(6)A RNA
Methylation and Regulation of Metabolism in Cancer. Front. Cell Dev. Biol. 10,
813581. doi:10.3389/fcell.2022.813581

Mok, T. S. K., Wu, Y. L., Kudaba, I., Kowalski, D. M., Cho, B. C., Turna, H. Z., et al.
(2019). Pembrolizumab versus Chemotherapy for Previously Untreated, PD-
L1-Expressing, Locally Advanced or Metastatic Non-small-cell Lung Cancer
(KEYNOTE-042): a Randomised, Open-Label, Controlled, Phase 3 Trial.
Lancet 393 (10183), 1819–1830. doi:10.1016/S0140-6736(18)32409-7

Pi, J., Wang, W., Ji, M., Wang, X., Wei, X., Jin, J., et al. (2021). YTHDF1 Promotes
Gastric Carcinogenesis by Controlling Translation of FZD7. Cancer Res. 81
(10), 2651–2665. doi:10.1158/0008-5472.CAN-20-0066

Roundtree, I. A., Evans, M. E., Pan, T., and He, C. (2017). Dynamic RNA
Modifications in Gene Expression Regulation. Cell 169 (7), 1187–1200.
doi:10.1016/j.cell.2017.05.045

Shen, C., Wang, K., Deng, X., and Chen, J. (2022). DNA N(6)-
methyldeoxyadenosine in Mammals and Human Disease. Trends Genet. 38
(5), 454–467. doi:10.1016/j.tig.2021.12.003

Shulman, Z., and Stern-Ginossar, N. (2020). The RNA Modification N(6)-
methyladenosine as a Novel Regulator of the Immune System. Nat.
Immunol. 21 (5), 501–512. doi:10.1038/s41590-020-0650-4

Sotiriou, C., Wirapati, P., Loi, S., Harris, A., Fox, S., Smeds, J., et al. (2006). Gene
Expression Profiling in Breast Cancer: Understanding the Molecular Basis of
Histologic Grade to Improve Prognosis. J. Natl. Cancer Inst. 98 (4), 262–272.
doi:10.1093/jnci/djj052

Sun, Y., Li, S., Yu, W., Zhao, Z., Gao, J., Chen, C., et al. (2020). N(6)-
methyladenosine-dependent Pri-miR-17-92 Maturation Suppresses PTEN/
TMEM127 and Promotes Sensitivity to Everolimus in Gastric Cancer. Cell
Death Dis. 11 (10), 836. doi:10.1038/s41419-020-03049-w

Tabernero, J., Hoff, P. M., Shen, L., Ohtsu, A., Shah, M. A., Cheng, K., et al. (2018).
Pertuzumab Plus Trastuzumab and Chemotherapy for HER2-Positive
Metastatic Gastric or Gastro-Oesophageal Junction Cancer (JACOB): Final
Analysis of a Double-Blind, Randomised, Placebo-Controlled Phase 3 Study.
Lancet Oncol. 19 (10), 1372–1384. doi:10.1016/S1470-2045(18)30481-9

Wang, L., Wen, X., Luan, F., Fu, T., Gao, C., Du, H., et al. (2019). EIF3B Is
Associated with Poor Outcomes in Gastric Cancer Patients and Promotes
Cancer Progression via the PI3K/AKT/mTOR Signaling Pathway. Cmar 11,
7877–7891. doi:10.2147/CMAR.S207834

Wang, Q., Chen, C., Ding, Q., Zhao, Y., Wang, Z., Chen, J., et al. (2020). METTL3-
mediated M(6)A Modification of HDGF mRNA Promotes Gastric Cancer
Progression and Has Prognostic Significance. Gut 69 (7), 1193–1205. doi:10.
1136/gutjnl-2019-319639

Wei, X.-L., Xu, J.-Y., Wang, D.-S., Chen, D.-L., Ren, C., Li, J.-N., et al. (2021).
Baseline Lesion Number as an Efficacy Predictive and Independent Prognostic
Factor and its Joint Utility with TMB for PD-1 Inhibitor Treatment in

Advanced Gastric Cancer. Ther. Adv. Med. Oncol. 13, 175883592198899.
doi:10.1177/1758835921988996

Xiong, J., He, J., Zhu, J., Pan, J., Liao, W., Ye, H., et al. (2022). Lactylation-driven
METTL3-Mediated RNA M(6)A Modification Promotes Immunosuppression
of Tumor-Infiltrating Myeloid Cells. Mol. Cell 82 (9), 1660–1677 e10. doi:10.
1016/j.molcel.2022.02.033

Yang, D.-D., Chen, Z.-H., Yu, K., Lu, J.-H., Wu, Q.-N., Wang, Y., et al. (2020).
METTL3 Promotes the Progression of Gastric Cancer via Targeting the MYC
Pathway. Front. Oncol. 10, 115. doi:10.3389/fonc.2020.00115

Yang, M., Li, J., Gu, P., and Fan, X. (2021). The Application of Nanoparticles in
Cancer Immunotherapy: Targeting TumorMicroenvironment. Bioact. Mater. 6
(7), 1973–1987. doi:10.1016/j.bioactmat.2020.12.010

Yoon, S.-J., Park, J., Shin, Y., Choi, Y., Park, S. W., Kang, S.-G., et al. (2020).
Deconvolution of Diffuse Gastric Cancer and the Suppression of CD34 on the
BALB/c Nude Mice Model. BMC Cancer 20 (1), 314. doi:10.1186/s12885-020-
06814-4

Yue, B., Song, C., Yang, L., Cui, R., Cheng, X., Zhang, Z., et al. (2019). METTL3-
mediated N6-Methyladenosine Modification Is Critical for Epithelial-
Mesenchymal Transition and Metastasis of Gastric Cancer. Mol. Cancer 18
(1), 142. doi:10.1186/s12943-019-1065-4

Zaccara, S., Ries, R. J., and Jaffrey, S. R. (2019). Reading, Writing and Erasing
mRNA Methylation. Nat. Rev. Mol. Cell Biol. 20 (10), 608–624. doi:10.1038/
s41580-019-0168-5

Zeng, D., Li, M., Zhou, R., Zhang, J., Sun, H., Shi, M., et al. (2019). Tumor
Microenvironment Characterization in Gastric Cancer Identifies Prognostic
and Immunotherapeutically Relevant Gene Signatures. Cancer Immunol. Res. 7
(5), 737–750. doi:10.1158/2326-6066.CIR-18-0436

Zhang, C., Zhang, M., Ge, S., Huang, W., Lin, X., Gao, J., et al. (2019). Reduced
m6AModification Predicts Malignant Phenotypes and AugmentedWnt/PI3K-
Akt Signaling in Gastric Cancer. Cancer Med. 8 (10), 4766–4781. doi:10.1002/
cam4.2360

Zhao, B. S., Roundtree, I. A., and He, C. (2017). Post-transcriptional Gene
Regulation by mRNA Modifications. Nat. Rev. Mol. Cell Biol. 18 (1), 31–42.
doi:10.1038/nrm.2016.132

Zhao, S., Ye, Z., and Stanton, R. (2020). Misuse of RPKM or TPM Normalization
when Comparing across Samples and Sequencing Protocols. RNA 26 (8),
903–909. doi:10.1261/rna.074922.120

Zou, W. (2018). Mechanistic Insights into Cancer Immunity and Immunotherapy.
Cell Mol. Immunol. 15 (5), 419–420. doi:10.1038/s41423-018-0011-5

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Meijing, Tianhang and Biao. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the original
author(s) and the copyright owner(s) are credited and that the original publication in this
journal is cited, in accordance with accepted academic practice. No use, distribution or
reproduction is permitted which does not comply with these terms.

Frontiers in Cell and Developmental Biology | www.frontiersin.org June 2022 | Volume 10 | Article 91330714

Meijing et al. N6-Methyladenosine and Tumor Microenvironment Immune Characteristics

https://doi.org/10.1158/0008-5472.CAN-15-2443
https://doi.org/10.1007/s00018-015-2070-4
https://doi.org/10.1186/s12943-022-01508-w
https://doi.org/10.1016/j.cell.2012.05.003
https://doi.org/10.1016/j.cell.2012.05.003
https://doi.org/10.3389/fcell.2022.813581
https://doi.org/10.1016/S0140-6736(18)32409-7
https://doi.org/10.1158/0008-5472.CAN-20-0066
https://doi.org/10.1016/j.cell.2017.05.045
https://doi.org/10.1016/j.tig.2021.12.003
https://doi.org/10.1038/s41590-020-0650-4
https://doi.org/10.1093/jnci/djj052
https://doi.org/10.1038/s41419-020-03049-w
https://doi.org/10.1016/S1470-2045(18)30481-9
https://doi.org/10.2147/CMAR.S207834
https://doi.org/10.1136/gutjnl-2019-319639
https://doi.org/10.1136/gutjnl-2019-319639
https://doi.org/10.1177/1758835921988996
https://doi.org/10.1016/j.molcel.2022.02.033
https://doi.org/10.1016/j.molcel.2022.02.033
https://doi.org/10.3389/fonc.2020.00115
https://doi.org/10.1016/j.bioactmat.2020.12.010
https://doi.org/10.1186/s12885-020-06814-4
https://doi.org/10.1186/s12885-020-06814-4
https://doi.org/10.1186/s12943-019-1065-4
https://doi.org/10.1038/s41580-019-0168-5
https://doi.org/10.1038/s41580-019-0168-5
https://doi.org/10.1158/2326-6066.CIR-18-0436
https://doi.org/10.1002/cam4.2360
https://doi.org/10.1002/cam4.2360
https://doi.org/10.1038/nrm.2016.132
https://doi.org/10.1261/rna.074922.120
https://doi.org/10.1038/s41423-018-0011-5
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/cell-and-developmental-biology
www.frontiersin.org
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

	N6-Methyladenosine Modification Patterns and Tumor Microenvironment Immune Characteristics Associated With Clinical Prognos ...
	Key Points
	Introduction
	Methods
	Data Collection
	m6A RNA Methylation Regulator for Stomach Adenocarcinoma in The Cancer Genome Map
	Unsupervised Consensus Clustering of 23 m6A Regulators and Functional Analysis
	Immune Infiltrating Cell Analysis
	Differentially Expressed Genes Among the m6A Phenotypes
	Prognostic Signature of m6A-Related Genes
	Statistical Analysis

	Results
	Genetic Variation Profile of m6A Regulators in Stomach Adenocarcinoma
	Identification of m6A Methylation Modification Patterns in Stomach Adenocarcinoma
	Distinct Immune Landscapes in m6A Modification Patterns
	m6A-Related Genes’ Functional Annotation
	Identification of m6A-Related Genes’ Phenotypes and m6A Scores
	m6A Scores’ Clinical Prognosis Analysis and Somatic Tumor Mutations
	Clinical Evaluation of m6A Scores
	Role of the m6A Scores in Immunotherapy

	Discussion
	Conclusion
	Data Availability Statement
	Author Contributions
	Acknowledgments
	Supplementary Material
	References


