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modification-based subtypes in gastric
cancer immunotherapy and prognosis

Xiangnan Zhang,1,3 Liuxing Wu,1,2,3 Liqing Jia,1,3 Xin Hu,1 Yanxin Yao,1 Huahuan Liu,1 Junfu Ma,1 Wei Wang,1

Lian Li,1 Kexin Chen,1 and Ben Liu1,4,*

SUMMARY

Previous studies have focused on the impact of individual RNAmodifications on tumor development. This
study comprehensively investigated the effects of multiple RNAmodifications, including m6A, alternative
polyadenylation, pseudouridine, adenosine-to-inosine editing, and uridylation, on gastric cancer (GC). By
analyzing 1,946GC samples from eleven independent cohorts, we identified distinct clusters of RNAmodi-
fication genes with varying survival rates and immunological characteristics. We assessed the chromatin
activity of these RNA modification clusters through regulon enrichment analysis. A prognostic model was
developedusingStepwiseRegression andRandomSurvival Forest algorithmsandvalidated in ten indepen-
dent datasets. Notably, the low-risk group showed a more favorable prognosis and positive response to
immune checkpoint blockade therapy. Single-cell RNA sequencing confirmed the abundant expression of
signature genes in B cells and plasma cells. Overall, our findings shed light on the potential significance of
multiple RNA modifications in GC prognosis, stemness development, and chemotherapy resistance.

INTRODUCTION

Gastric cancer (GC) is the fifth most prevalent type of malignancy and the fourth leading cause of cancer-related death worldwide, with a high

incidence in East Asia, where half of the patients live.1 Unfortunately, GC is often clinically advanced,2 and patients present with a poor prog-

nosis without effective treatment and medications.3–5

Epigenetic modifications are heritable modifications that regulate gene expression but do not change the sequence of DNA.6 From the

perspective of genetic aberrance, GC can be triggered by the accumulation of multiple somatic mutations in driver genes controlling key

signaling pathways.7,8 An increasing number of recent studies have shown that among the epigenetic modifications, alterations in RNAmod-

ifications have a significant role to play in the development of various human physiological disorders and malignant cancers.9,10

Currently, more than 170 RNA epigenetic modifications have been identified,11 mainly including N6-methyladenosine (m6A), polyadeny-

lation alternative, pseudouridine,12 etc.

m6A, themost prolific internal modification of RNA in eukaryotic cells, is involved in all aspects of RNA regulation, including transcriptional

stability, pre-mRNA splicing, polyadenylation, mRNA export, and translation.13 Its effects have gradually clarified on malignancies, such as

breast cancer, hepatocellular carcinoma, pancreatic cancer, and prostate cancer.14,15

Alternative polyadenylation (APA), a common and important gene regulation phenomenon, can generate various transcript isoforms with

different 30 ends from the same gene.16,17 Dysregulation of APA impacts the expression of proto-oncogenes and oncogenes, leading to the

development and progression of various cancers,18 with the process being influenced by various regulators,19 including CFIm25, PCF11, and

hnRNPC.

Adenosine-to-inosine (A-to-I) editing, a commonmode of RNAmodification, is translated by three enzymes of the ADAR family: the cata-

lytically active ADAR1 and ADAR2, and the catalytically inactive ADAR3.20

Pseudouridine, theC5-glycoside isomer of uridine,21 is able tomodify different types of RNA.22 Several studies showed that pseudouridine

played functional roles in RNA biogenesis, structure, stability, and regulation of gene expression and mRNA structure.23

Uridylation, a common modification at the 3ʹ RNA termini in eukaryotic cells, mainly promotes degradation in mRNAs.24 TUT4 and TUT7,

also known as ZCCHC11 and ZCCHC6, respectively, were identified as mRNA uridylation enzymes.25
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This study enrolled five common RNA modifications, including m6A, A-to-I-editing, APA, pseudouridine, and uridylation. Then we

collected GC samples from eight independent GC cohorts for analysis and identified three subtypes differing in prognostic characteristics,

immune infiltration, and modification enzymes. Meanwhile, we constructed a risk signature consisting of 24 RNA modification-related genes

and verified it in ten independent GC cohorts and an immune checkpoint blockade (ICD) cohort to prove that this signature can predict pa-

tient prognosis, immune characteristics, and therapeutic efficacy of GC.

RESULTS

Genetic variation mapping of RNA-modifying enzymes in gastric cancer

By Spearman correlation analysis, we found a significant positive pairwise correlation in the vast majority of the expression level of 56 RNA

modifying enzymes. The correlations of regulatory enzymes existed between the same RNAmodification types and different types, suggest-

ing an association between different RNA modifications, including m6A, A-to-I-editing, APA, pseudouridine, and uridylation (Figure 1A).

Thus, it is necessary to combine and analyze these RNA-modifying enzymes together.

Figure 1. Bioinformatics analysis of the expression and genetic variation of five RNA modification subtypes

(A) The correlation between 56 RNA modifying enzymes.

(B) Waterfall diagram of the top ten mutated regulators. See also Figure S1.

(C) The CNV alteration of the 56 RNA modification regulators.
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In the TCGA-STAD cohort containing 409 samples, 56 RNA modifying enzymes were mutated according to the mutational information

(Figure S1). The waterfall plot showed the genemutation ratio in these samples, andwe determined the top 10 significantly differentmutation

genes, including ZC3H13, ZCCHC11, KIAA1429, CPSF1, ADAR,WDR33, CSTF3, PCF11, YTHDC1, YTHDF1 (Figure 1B). The copy number vari-

ation (CNV) revealed the regulators’ copy number changes (Figure 1C). Most APA regulators displayed deletion in copy number, except for

CPSF1, CPSF4, and CSTF2. Most pseudouridine regulators displayed copy number deletion, except for PUS7. ADAR in A-to-I editing regu-

lators showed significant amplification, whereas ADARB1 showed deletion. In m6A regulators, CBLL1, HNRNPA2B1, IGF2BP3, KIAA1429,

YTHDF1, YTHDF2, and ZC3H13 showed copy number amplification, and ALKBH5, ELAVL1, FTO, METTL4, METTL6, RBM15B, YTHDC1,

and YTHDC2 showed copy number deletion. Most uridylation regulators are displayed in copy number deletion, except for TUT1.

Gastric cancer subtypes with different RNA modification and prognosis patterns

By a supervised clustering algorithm with survival information weight, we integrated eight datasets (TCGA-STAD, GSE13861, GSE15459,

GSE26899, GSE62254, Tianjin, GSE34942, GSE26901) as a whole as the training cohort for the subtype analysis, classified GC patients into

three subtypes (named cluster1, cluster2, cluster3) with different RNAmodification patterns based on the expression of 56 RNAmodification

regulatory enzymes (Figures 2A and 2B, and Tables S2–S4). The prognosis between the three subtypes showed a significant difference (p =

0.0019): cluster1 presented the best prognosis, while cluster2 and cluster3 were poorer than cluster1 (Figure 2C). To demonstrate the stability

of the subtypes, we validated the previous subtypes in another combined dataset (GSE57303, GSE84437), yielding three subtypes with

different RNA modification patterns, which also remained statistically significant prognostic differences (p = 0.0089) (Figures 2D–2F).

In order to exclude the confounding factors related to survival outcomes, we adjusted gender, age, and clinical stage on a multifactorial

Cox regressionmodel for survival analysis, showing that cluster3 was still an independent prognostic factor whose patients had a worse prog-

nosis, which indicated that RNA modification difference was independent of clinical indicators such as age and staging (Figures 2G and 2H).

Heatmap revealed differences in the expression of RNA modifying enzymes between three subtypes and found that cluster1 had higher

expression levels of RNA modifying enzyme (Figures 2I, and S2).

Different characteristics of immune infiltration and biological features in three clusters

We further evaluated the correlation betweenRNAmodification and immune infiltration, including immune score, stromal score, tumor purity,

and infiltrating abundances of 28 immune cells. The result suggested that the abundance of immune infiltration differs between subtypes, with

cluster1 having the highest tumor purity score (Figure 3A). However, the lowest stromal score, immune score, and Estimation of STromal and

Immune cells in MAlignant Tumor tissues using Expression data (ESTIMATE) score (Figures 3B–3D) compared to cluster2 and cluster3, which

showed poorer prognosis. Furthermore, the infiltrating abundances of 28 immune cells demonstrated that cluster3 had a remarkable infiltra-

tion of immune cells (Figure 3F). Similar to previous conclusions, the cluster3 was characterized by the highest immune score and immune cell

infiltration in the validation cohort (Figure S3).

Furthermore, themRNAsi results for the three clusters showed completely opposite trends to the immune, stromal, and ESTIMATE scores,

but followed the same trend as for tumor purity, indicating that the level of immune and stromal cell infiltration decreases with increasing GC

stemness (p < 0.0001, Figure 3E). More specifically, cluster1 had the highest mRNAsi, and therefore patients in this group had the highest

degree of tumor dedifferentiation. The same results were obtained in the validation set (Figure S4). We also utilized TIMER, CIBERSORT,

ESTIMATE, MCP counter, and single sample gene sets enrichment analysis (ssGSEA) algorithms to assess the abundance of tumor immune

infiltration. The heatmap showed the landscape of immune infiltration based on these five algorithms (Figure 3G).

Different transcriptional regulation patterns among three clusters

Given the close correlation between regulator activity and RNAmodification subtypes, we conducted the regulon analysis consisting of 9 GC-

specific transcription factors (TFs) and 56 RNAmodifying enzymes in multiple RNAmodification subtypes (Figure 4A), as well as the activity of

potential regulators associated with cancer chromatin remodeling (Figure 4B), providing strong confirmation of the biological relevance of

the three clusters.

Cluster1 is accompanied by activation of regulators such as SOX9, HNF4A, EHF, ELF3, and KLF5, while cluster2 and cluster3, which are

completely different from cluster1, are characterized by similar transcriptional regulatory activity, dominated by MECOM, KLF3, CREB3L1,

and AHR. Differences in the activity of regulators associated with cancer chromatin remodeling provided further evidence that these RNA

modification subtypes were molecularly distinct. Compared to cluster1 and 2, genes from the MYST family associated with histone acetyl-

transferases (HATs) showed overexpression in cluster3. Of the HDAC family genes associated with histone deacetylases, class I is overex-

pressed in cluster1, such as HDAC1 and HDAC8, while classes IIA and III are overexpressed in cluster3, such as HDAC4, HDAC5, SIRT1,

SIRT6, and SIRT7. These results suggested that different RNA modification subtypes may have mutual interactions with transcriptional regu-

lation and chromatin modification.

Construction of RNA modification-related prognostic signature

In order to better predict prognosis and guide treatment, we identified 24 differentially expressed genes (DEGs) for constructing an RNA

modification-related model, including PPP1R14A, ACTG2, TUBB6, MMACHC, KCNMB1, MYOT, MATN2, SBSPON, MANEAL, FLNA,

TNFRSF17, HELLS, PTCHD1, CENPN, UNG, RRM1, CDC25B, CCNB2, PAICS, EPHB2, PMP22, RNASEH2A, ODC1, NRXN3 (Table S5).
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Figure 2. Identification of consensus clusters by 56 RNA modification regulators

(A and D) Log rank test statistics of training set and verification set.

(B and E) Standardized intra-cluster sums of squares calculated by cross-validation of the training set and verification set.

(C and F) Kaplan-Meier curves for survival prediction of patients in the three clusters of set and verification set.

(G and H) Forest plot representation of the multivariate Cox regression analysis of risk signature with age, gender, and tumor stage was taken into account.

(I) Expression levels of 56 RNA modification enzymes between three clusters. Data with error bars were presented as mean (SD). See also Figure S2.
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Next, we identified the value of risk signature in predicting the outcome of GC patients. After fitting, a risk score was obtained for each

sample, and patients in the cohort were divided into two groups, high- and low-risk groups, based on the best cut-off values. Kaplan-Meier

survival analysis showed that patients in the low-risk score group had a significantly better prognosis than those in the high-risk score group

(long-rank test, p < 0.0001; Figure 5A). The previous results were also validated in ten independent external validations (long-rank test,

p < 0.05; Figures 5B–5F, and S5), in which three cohorts showed significant differences in the prognosis of recurrence-free survival (RFS) be-

tween high- and low-risk groups (long-rank test, p < 0.05; Figure 5G).

Then we included clinical variables such as gender, age, and stage in a multivariate Cox regression model to verify whether the prognostic

model was an independent factor after excluding the influence of confounding factors on prognosis. The results suggested that the

Figure 3. The three RNA modification clusters showed differential immune infiltration

(A) Tumor purity in GC samples was compared between the three clusters.

(B) Stromal scores in GC samples were compared between the three clusters.

(C) Immune scores in GC samples were compared between the three clusters.

(D) ESTIMATE scores in GC samples were compared between the three clusters.

(E) mRNAsi in GC samples were compared between the three clusters.

(F) Infiltrating abundances of 28 immune cells between the three clusters.

(G) The landscape of immune infiltration is based on TIMER, CIBERSORT, estimate,MCP counter, and ssGSEA algorithms. Data with error bars were presented as

mean (SD). See also Figures S3 and S4.
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prognostic model remained an independent prognostic factor, and this result was also validated in five of the ten independent GC datasets

(Figures 5A–5F). Hence, the risk signature could be an independent prognostic factor for GC patients.

The association between risk signature and immune infiltration in GC

We utilized the ESTIMATE algorithm to compute the immune score, stromal score, and tumor purity (Figures 6A–6D). The Boxplot analysis

showed that a significant positive correlation existed between the high-risk group and ESTIMATE score and stromal score, respectively. How-

ever, a negative correlation existed between the high-risk group and tumor purity. Furthermore, the high-risk group exhibited a lower immu-

nophenoscore (IPS) than the low-risk group, but there was no statistical difference (Figure 6F). In addition, we found that the infiltrating abun-

dances of 28 immune cells in the two groups differed (Figure 6E). The low-risk group showed a higher infiltration of activated CD4+ T cells,

activated CD8+ T cells, and activated dendritic cells. However, the high- and low-subgroups only showed a statistically significant difference

for activated CD4+ T cells. Moreover, the infiltration of activated B cells was slightly higher in the high-risk group than in the low-risk group.

Then we performed a gene set enrichment analysis (GSEA) enrichment analysis. Gene ontology (GO) enrichment analysis showed that

patients in the high-risk group were mainly enriched in pathways related to malignant tumor cells proliferation, metastasis, and invasion,

including platelet-derived growth factor (PDGF) binding, chondrocyte morphogenesis, and interstitial matrix (Figure 6G). In comparison,

Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment analysis showed that the high-risk group was prominently related to the

pathways of cellular physiology, environment and state, including the cGMP-PKG signaling pathway and focal adhesion (Figure 6H). In addi-

tion, compared to the high-risk group, further GO enrichment analysis revealed that the low-risk group was mainly related to cell cycle and

cellular differentiation, such as chromatin remodeling at the centromere, DNA replication checkpoint, and minichromosome maintenance

(MCM) complex. KEGG enrichment analysis showed that the low-risk group’s association with cancer nutrition and metabolism-related path-

ways, such as aminoacyl-tRNA biosynthesis, arginine biosynthesis, citrate cycle (also known as TCA cycle), and fructose and mannose meta-

bolism (Figure S6).

Figure 4. The chromatin activity of three RNA modification clusters

(A) The activity of a transcriptional regulatory network consisting of nine gastric cancer-specific transcription factors and 56 RNA-modifying enzymes.

(B) The activity of histone-modifying regulators associated with chromatin remodeling in cancer.

ll
OPEN ACCESS

6 iScience 27, 108897, February 16, 2024

iScience
Article



Figure 5. Survival analysis of the RNA modification-related signature

Kaplan-Meier curves for survival prediction in high- and low-risk score groups of gastric cancer (Left). Forest plots representing the multivariate Cox regression

analysis of RNA modification-related signatures with age, gender, and tumor stage were taken into account (Right). See also Figure S5.
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The role of RNA modification-related signature in immune-checkpoint blockade cohort

To further test the predictive efficiency and patients’ responsiveness to the risk signature in immunotherapy cohorts, we analyzed the propor-

tion of patients with response to ICD therapy in low- and high-risk groups. The results showed that themodel was independently validated in a

uroepithelial cancer cohort named IMvigor210. In alignment with previous findings, patients in the low-risk group of the uroepithelial cancer

cohort had a better prognosis and a higher immunotherapy response rate than the high-risk group (Figures 6I and 6J).

Distribution of RNA modification-related genes in the single-cell atlas

We obtained the scRNA-seq dataset (GSE167297) from GEO, classified 30,365 GC cells into nine clusters, and annotated the cell types using

canonicalmarker genes (Figures 7A and 7B). Then, we performed gene enrichment analysis of the 24DEGs identified using AUcell. The results

showed that among these nine major cell populations in a single-cell atlas of multi-regional GC cells, RNA modification-related genes ap-

peared to be hyper-abundantly expressed in B cells and plasma cells (Figures 7C–7E). Based on the gene expression dynamics of B cells

and plasma cells, we contrasted a pseudotime analysis and determined an independent branchpoint (Figure 7F). The gene expression pattern

across pseudotime displayed that the expression curves of TNFRSF17 and ODC1 changed more significantly. In the later stage, the expres-

sion of TNFRSF17 showed a significant increase before the decrease, while that of ODC1 was relatively smooth descending and then

ascending (Figure 7G).

DISCUSSION

It is imperative to identify the impact of different RNAmodification patterns on immune cell infiltration to guide more effective individual GC

treatment. The present study integrated genomic information from 1,740 GC samples to comprehensively assess and correlate RNA modi-

fication subtypes with TME cell infiltration characteristics. We incorporated 5 RNAmodification patterns, including m6A, APA, A-to-I editing,

pseudouridine, and uridylation, to reveal the overall and particular interactions of RNAmodification at an epigenetic level in GC. Among reg-

ulators with notable mutations, previous studies have indicated a high mutation rate in GC for ZCH3H13 and KIAA1429.20 These two m6A

regulators, combined with METTL3, form a protein complex that regulates cancer transcription, maturation, localization, translation, and

degradation, improving the stability of pathogenicmRNAs inGC. ADAR1 andADAR2, thewriters of A-to-I editing and also editors, are closely

related to GC prognosis. This effect is carried out by ADAR-induced RNA misediting: upregulation of ADAR1 or downregulation of ADAR2

alone leads to a favorable prognosis; upregulation of both together leads to a dismal prognosis.26,27 Substantial factual evidence suggests

that multiple m6A regulators, such as FTO and YTHDF1, can be critical targets for cancer therapy. As several of the previous studies have

shown that RNA-modifying enzymes affect GC, we considered the synthesis and interactions of these enzymes in an integrated manner

and carried out the following thorough study.

Instead of the single unsupervised clustering algorithm previously used, we conducted the supervised clusteringmodel incorporating sur-

vival information to type multiple cohorts of GC patients. We identified three distinct RNAmodification subtypes with different immune infil-

tration characteristics, suggesting that RNA modifications play a non-negligible role in shaping individual TME characteristics. Cluster1, with

higher levels of modified enzyme expression and better prognostic outlook, showed the lowest stromal and immune scores, the highest tu-

mor purity, and the mRNAsi score. Currently, available studies have not reached a unified conclusion on the prognostic significance of

mRNAsi in GC.28–30 Higher mRNAsi was associated with reduced immune infiltration and PD-L1 expression in adrenocortical carcinoma

(ACC), esophageal squamous cell carcinoma (ESCC), and esophageal adenocarcinoma (ESAD), ultimately leading to a more unfavorable

prognosis.31,32 However, Guo et al. found that mRNAsi showed a tendency for higher mRNAsi scores, shorter overall survival (OS), and worse

prognosis in both intestinal-type GC (IGC) and diffuse-type GC (DGC), which was similar to our results. The aforementioned results suggest

that the relationship betweenmRNAsi scores and the pathological types and immunophenotyping ofGCdeserves further investigation. Since

there were significant differences in mRNAsi among clusters, we focused on stemness signaling pathways-related TFs in the signature. The

main characteristics of cancer stemness include tumorigenesis, metastasis, tumor self-renewal ability, cancer metabolism reprogramming,

and tumor immunemicroenvironment remodeling.33 Previous studies have shown that multiple RNAmodifying enzymes, by regulating stem-

ness signaling pathways such as Notch,WNT, Hedgehog (HH), and Hippo in cancer stem cells (CSCs), exerting influences on GC proliferation

and invasion.34–36 Given that tumor-initiating stem cells suppress cytotoxic T cell responses through surface molecules of CD80,37 the inter-

action of tumor stemness with RNA modifications may be critical for activating immune checkpoint therapeutic pathways. These aforemen-

tioned results converged with the findings of previous studies of GC.38

Chromatin histonemodification regulatory networks differed among three clusters, revealing an association betweenmultiple RNAmodi-

fication patterns and chromatin modifications. Several studies have shown that RNA-modifying enzymes direct gene regulation through a co-

transcriptional mechanism and can target DNA through chromatin modifications, affecting epigenetic regulation.39 The RNA that emerges

during RNA polymerase II (Pol II) transcription, ‘‘nascent RNA’’, antagonizes interactions of a set of transcriptional regulators with chromatin,

Figure 5. Continued

(A) Training set-GSE84437 (HR=0.08, 95% CI: 0.06-0.11, p < 0.001), (B) Validation set-GSE15459 (HR=0.41, 95% CI: 0.24-0.67, p < 0.001), (C) Validation set-

GSE62254 (HR=0.55, 95% CI: 0.34-0.88, p = 0.01), (D) Validation set-GSE26899 (HR=0.34, 95% CI: 0.16-0.69, p = 0.003), (E) Validation set-TCGA-STAD (HR=0.65,

95% CI: 0.46-0.93, p = 0.018), (F) Validation set-Tianjin (HR=0.43, 95% CI: 0.23-0.81, p = 0.009).

(G) Kaplan-Meier curves for recurrence-free survival prediction in high- and low-risk score groups of gastric cancer of GSE26901, GSE26899, GSE13861. See also

Figure S5.
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Figure 6. Validation of the RNA modification-related risk signature

(A) The difference in ESTIMATE scores between high- and low-risk groups.

(B) The difference in immune scores between high- and low-risk groups.

(C) The difference in stromal scores between high- and low-risk groups.

(D) The difference in tumor purity between high- and low-risk groups.

(E) Infiltrating abundances of 28 immune cells were compared between the high- and low-risk groups (*p < 0.05, **p < 0.01, ***p < 0.001).

(F) The difference in IPS between high- and low-groups.
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regulating the transcription process.40 Moreover, m6A methylation on chromosome-associated regulatory RNAs (carRNAs) can collectively

regulate chromatin state and transcription. Liu J et al. showed that reducing m6A methylation by METTL3 depletion promoted open chro-

matin state and downstream transcription.41 The epigenetic regulatory function of RNA modification is also related to the involvement of

RNA-binding proteins (RBPs) and chromatin-associated proteins (CAPs). RBPsmay enhance chromatin network interaction by harnessing reg-

ulatory RNAs to control transcription. For example, RBM25, an RBP involved in splicing regulation, and its depletion attenuates the activities

of chromatin binding, DNA looping, and transcription depending on YY1, a known RNA-dependent TF.42 D GH et al. suggested CAPs had a

dual nucleic acid affinity and could unify RNA-mediated chromatin regulation of transcription with chromatin-mediated post-transcriptional

regulation of RNA.43 All of the previous evidence hints that RNA modifications are intricately linked to chromatin regulation, which deserves

an in-depth investigation of the underlying epigenetic mechanisms.

For better-personalized guidance of patient prognosis, we utilized machine learning and Cox regression to construct a prognostic signa-

ture that predicted patient immune response, drug responsiveness, and validated it in multiple immunotherapy cohorts. Based on 24 DEGs,

RNAmodification-related signature was constructed and validated. GC patients were divided into low-and high-risk groups, showing distinct

prognoses and TME characterization. The high-risk group showedmore innate immune cells and cellular stroma, with PDGF, focal adhesion,

and cGMP-PKG signaling pathway activation, which have been proven to induce angiogenesis, malignant proliferation, self-renewal, and

metastasis.44–47 Recent studies demonstrated that PRTG (ZEB1 upregulated protein) activates cGMP/PKG axis to promote GC cell prolifer-

ation, metastasis, and chemoresistance.48 Therefore, blocking the cGMP/PKG axis could be considered as a promising GC therapeutic strat-

egy. The low-risk group showedmore activated immune cells, such as activated CD4+ and activated CD8+ T cells, with characteristics of a hot

tumor.49 The low-risk group also presented a higher IPS, which predicts a better response of the patients to immunotherapy.50 GO analysis

showed that the MCM complex pathway significantly enriched the low-risk group. It has been shown that YTHDC1 (an m6A reader) regulates

acute myeloid leukemia (AML) by affecting DNA regulators, also known as the MCM complex.51 Thus, this suggested that RNAmodifications

could influence cancer pathogenesis by affecting DNA replication.

Furthermore, we found associations between the low-risk group and biosynthetic and metabolic pathways via pathways enrichment anal-

ysis. TME interacts with certain trophic metabolic pathways to regulate cancer growth, invasion, and immune escape. Kim et al. showed that

high levels of lysyl-tRNA synthetase (KRS, an aminoacyl-tRNA synthetase) in tumor-associated inflammatory (TAI) cells in GC were associated

with better prognostic survival, suggesting that KRS could be used as a potential biomarker for GC.52 Arginine induces apoptosis, reducing

cell growth in a human GC cell line but maintaining invasive cell potential.53 Moreover, as a platinum medicine-sensitive tumor, GC shows

overexpression of the enzyme argininosuccinate synthetase (ASS1) due to regulation by pro-inflammatory factors,54 demonstrating a relation-

ship between metabolome and inflammatory TME. TCA cycle intermediates can impact GC by modulating cellular activities, includingmeta-

bolism and signaling,55 and this process is regulated by short-chain fatty acids.56 By inhibiting proliferation and increasing death, mannose

supplementation has anti-cancer effects in non-small cell lung cancer (NSCLC).57 This evidence suggests that we need to combine RNAmodi-

fication-related signature with the metabolome in GC to provide more possibilities for exploring immunotherapy and improving prognosis.

This needs to be validated by more studies.

We also elucidated the signature’s efficacy by subsequent immune-checkpoint blockade cohort analysis. In this anti-PD-L1 cohort IMvi-

gor210,58 patients with a low-risk group of RNA modification-regulated signature demonstrated remarkable clinical benefit, prolonged sur-

vival, and treatment advantages. As one of the most common RNA modifications, the role of m6A modification on tumor therapy can be re-

flected in m6A modification-based targeted drugs. For example, small molecule inhibitors of the m6A demethylase Alkbh5 contributed to

enhancing the efficacy of melanoma immunotherapy. Inhibitors of FTO, an important m6A demethylase, showed growth inhibitory effects

on a variety of tumor cell lines, such as AML cell lines, melanoma cell lines, lung cancer cell lines, and glioblastoma, indicating the potential

of FTO inhibitors for the treatment of cancer.59,60 In addition, RNA modifications can also affect the effectiveness of existing conventional

treatment regimens. RNA-modification regulators affect the sensitivity or resistance of cancer cells to chemotherapy drugs by interfering

with various cellular activities, including glycolysis,61 cellular autophagy, DNA damage,62 and signaling pathways such as JAK2/STAT3 and

Wnt/b-catenin signaling pathway.63,64 However, the development of RNAmodification-based treatments is mainly limited to commonmodi-

fication pathways, such as m6A and m5C, and research on GC is still lacking.

Single-cell and pseudotime analysis demonstrated that the signature genes were mainly expressed in B cells and plasma cells, and the

gene expression of TNFRSF17 and ODC1 changed more significantly during the transformation of B cells to plasma cells. TNFRSF17, i.e.,

B cell maturation antigen (BCMA), proved to be an attractive target for chimeric antigen receptor T cell (CAR-T) therapy, since it is expressed

only by subpopulations of normal and malignant plasma cells and mature B cells.65,66 TNFRSF17 has now been identified as a novel thera-

peutic target for multiple myeloma and colon cancer sensitive to immunotherapy.67,68 Claudin18.2 (CLDN18.2)-redirected CAR T therapy

has been shown to show favorable anti-GC efficacy in the preclinical study.69 Thus, we can hypothesize that BCMA is expected to facilitate

the development and application of CAR-T therapy in GC by regulating the epigeneticmechanism ofmultiple RNAmodifications. ODC1, the

first rate-limiting enzyme in the polyamine biosynthetic pathway,70 is an MYCN-mediated downstream target gene.71,72 Raised expression of

ODCI and MYCN induces proliferative migration of cancer cells through various cell signaling pathways, such as the hedgehog signaling

Figure 6. Continued

(G) Gene ontology (GO) analysis of the high-risk group compared to the low-risk group. See also Figure S6.

(H) The Kyoto Encyclopedia of Genes and Genomes (KEGG) analysis of the high-risk group compared to the low-risk group. See also Figure S6.

(I) Kaplan Meier plots of patients treated with immune checkpoint blockade in uroepithelial cancer cohort IMvigor210.

(J) CR, complete response; PR, partial response; SD, stable disease; PD, progressive disease. Data with error bars were presented as mean (SD).
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Figure 7. Major cell lineages and pseudotime analysis in the single-cell atlas

(A) Selected UMAP feature plots showing RNA expression of major nine cell lineages.

(B) The heatmap of the marker genes of the nine major cell lineages.

(C) UMAP plot showing the identified cell types of all immune cells.

(D) Gene enrichment of RNA modification-related genes used to construct signature was analyzed by AUCell.

(E) Bubble heatmap showing expression of RNA modification-related genes in nine major cell lineages. In a given cell identify, the sizes of circles indicate the

percentage of the cells expressing each marker gene; The shades of green indicate the average expression of each gene.

(F) Pseudotime trajectory of B cells and plasma cells inferred bymonocle, with each point colored by cell type (left) and pseudotime (right), and cluster distribution

density along pseudotime (down).

(G) Jitter plots show the expression level of the genes changing with pseudotime. TNFRSF17 andODC1 were among themost significantly upregulated genes in

cells with larger pseudotime.
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pathway, which predicts adverse outcomes in a variety of malignancies.73–75 Therefore, according to integrated studies, we regarded RNA

modification signature as an independent, reliable, and robust biomarker of GC that can provide precise and comprehensive guidance

for individual immunotherapy strategies.

Atpresent, the function andmechanismof non-codingRNAs, especially longnon-codingRNAs (lncRNAs) andenhancerRNAs (eRNAs), have

received extensive attention, and RNAmodification of non-coding RNAs has become a promising research direction for the future. Metastasis-

associated lungadenocarcinoma transcript (MALAT1) is a lncRNAwhosedysregulation hasbeenassociatedwith theprogression of various can-

cers,76 and them6Amodification can act as a structural switch to affect its interactionwithproteins by regulating the structure ofMALAT1. ABL is

a lncRNA highly expressed in GC, the overexpression of which inhibits GC apoptosis, promotes GC cell survival, and leads to multidrug resis-

tance. Them6Amodification that occurs in ABL ismediated byMETTL3, which furthermaintains ABL stability by binding to the RBP IGF2BP1.77

AnRNAmodification study of eRNAs shows thatm6A-methylated eRNAs label highly active enhancers, recruit the nuclearm6A reader YTHDC1

for phase separation, and regulate enhancer activation and gene transcription.78 In addition, m6A on bone-specific eRNAs was shown to play a

post-transcriptional functional role in bonemPCa and correlatedwith radiotherapy (RT) tolerance.79 In summary, we propose to focus our future

researchon theRNAmodificationof eRNAs,which is expected tobetter decipher themechanismof cancerdevelopmentat theepigenetic level.

Conclusions

In conclusion, this study integrated five RNA modification patterns, including m6A, APA, A-to-I editing, pseudouridine, and uridylation, and

explained the integration and interaction of regulator networks on TME and prognosis. We also established a reliable prognostic model,

analyzed the biological effects of this model, and demonstrated the relevance of the model for directing individualized immunotherapy.

Limitations of the study

Still, there are certain limitations to our study. First, data heterogeneity was inevitable as every cohort was gathered from several online plat-

forms. Second, this study lacks clinical and experimental validation of the results. Additionally, we chose 28 immune cells to analyze immune

infiltration, and additional algorithms to predict immune infiltrating cells are further required. Finally, we have employed an immunotherapy

cohort for malignant uroepithelial carcinoma to validate the immunotherapy response. However, a prospective ICI therapy cohort for GC is

still required. More experiments are needed to elucidate the potential molecular and pathogenicmechanisms of RNAmodifications and their

regulators in tumor progression and immunotherapeutic applications.
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KEY RESOURCES TABLE

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and materials should be directed to and will be fulfilled by the lead contact, Ben Liu

(benliu100@tmu.edu.cn).

Materials availability

This study did not generate new unique reagents.

REAGENT or RESOURCE SOURCE IDENTIFIER

Deposited data

mRNA expression matrix UCSC Xena https://xenabrowser.net/datapages/

Somatic mutation information UCSC Xena https://xenabrowser.net/datapages/

TCGA-STAD RNA-seq TCGA https://portal.gdc.cancer.gov/

TCGA-STAD clinical data UCSC Xena https://xenabrowser.net/datapages/

GSE57303 GEO https://www.ncbi.nlm.nih.gov/geo

GSE84437 GEO https://www.ncbi.nlm.nih.gov/geo/

GSE13861 GEO https://www.ncbi.nlm.nih.gov/geo/

GSE15459 GEO https://www.ncbi.nlm.nih.gov/geo/

GSE26899 GEO https://www.ncbi.nlm.nih.gov/geo/

GSE62254 GEO https://www.ncbi.nlm.nih.gov/geo/

GSE34942 GEO https://www.ncbi.nlm.nih.gov/geo/

GSE26901 GEO https://www.ncbi.nlm.nih.gov/geo/

Tianjin (90 GC samples) Tianjin Medical University Cancer

Institute and Hospital

Song et al.80; Liu et al.81

TJ_206 Tianjin Medical University Cancer

Institute and Hospital

N/A

Specific modification targets RMBase v2.0 http://rna.sysu.edu.cn/rmbase/

Signaling pathways Molecular Signaling Database (MSigDB) https://www.gsea-msigdb.org/gsea/msigdb

Signaling pathways Kyoto Encyclopedia of Genes

and Genomes (KEGG)

https://www.genome.jp/kegg/

Signaling pathways Gene Ontology (GO) https://www.geneontology.org/

IMvigor210 cohort clinical information

and gene expression data

IMvigor210 dataset http://research-pub.gene.com/IMvigor210CoreBiologies

Mariathasan et al.58

GSE167297 (ScRNA-seq dataset) GEO https://www.ncbi.nlm.nih.gov/geo/

Known cell marker genes CellMarker database https://ngdc.cncb.ac.cn/databasecommons/

database/id/6110

Software and algorithms

R (3.6.1) R Core Team https://www.r-project.org/

R (4.1.2) R Core Team https://www.r-project.org/

SurvClust algorithm ‘survClust’ R package https://github.com/arorarshi/survClust

ssGSEA ‘GSVA’ R package http://www.bioconductor.org

Single-cell RNA-sequencing analysis ‘Seurat’ R package https://satijalab.org/seurat/

Chemotherapeutic response prediction ‘pRRophetic’ R package http://genemed.uchicago.edu/�pgeeleher/pRRophetic
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Data and code availability

� Publicly available datasets were analyzed in this study. The data involved in this article could be downloaded directly in TCGA-STAD

(https://portal.gdc.cancer.gov/) andGEO (https://www.ncbi.nlm.nih.gov/geo/) datasets (GSE57303, GSE84437, GSE13861, GSE15459,

GSE26899, GSE62254, GSE34942, GSE26901, GSE167297). Accession numbers are listed in the key resources table.
� Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.
� No custom codes were used in the study.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

This study used public data from theCancerGenomeAtlas (TCGA, https://portal.gdc.cancer.gov/), Gene ExpressionOmnibus (GEO, https://

www.ncbi.nlm.nih.gov/geo/), and UCSC Xena databases. The platform information and sample numbers for each dataset are detailed in

Table S6. The mRNA expression matrix, mutation information, and clinical information of the TCGA-STAD (The Cancer Genome Atlas-

Stomach Adenocarcinoma, n = 350) were downloaded from UCSC Xena (https://xenabrowser.net/datapages/). The demographic character-

istics were reported in Table S7. The values of their expressionmatrices were FPKM values from high-throughput sequencing, converted from

FPKM to TPM to make them more comparable, and finally normalized for expression values using log2 (TPM+1). The gene names were an-

notated using the annotation file gencode.v22, and the maximum value was taken for genes with multiple FPKM values.

Expression matrices and clinical information were downloaded from the GEO database for eight GC cohorts, namely GSE57303 (n = 70),

GSE84437 (n = 433), GSE13861 (n = 64), GSE15459 (n = 192), GSE26899 (n = 93), GSE62254 (n = 283), GSE34942 (n = 56), GSE26901 (n = 109).

The demographic characteristics were reported in Table S8. Gene names were annotated using the platform file for each dataset, and for

genes with multiple expression values, the maximum value was taken. Batch effects were removed using the COMBAT function of the R pack-

age ‘sva’.

The two independent in-house cohorts of Tianjin (N = 90),80,81 and TJ_206 (N = 206) were obtained from the Tumor Tissue Bank of the

Tianjin Cancer Hospital. The demographic characteristics were reported in Table S9. The RNA sequencing of all samples from the TJ_206

cohort was performed using IlluminaNovaSeq 6000. The samples were all fromgastric cancer cases with precise histological and pathological

diagnoses. All cases in this study were anonymous and processed according to legal requirements and medical standards, approved by the

Ethics Committee of the Tianjin Medical University Cancer Hospital and Institute, and all informed consent was obtained from all patients.

METHOD DETAILS

Selection of RNA modification regulators and genetic variation analyses

Fifty-six genes associated with the regulation of five RNAmodifications were obtained from the literature, including m6A (ALKBH5, ALKBH5,

CBLL1, ELAVL1, FMR1, FTO, HNRNPA2B1, HNRNPC, IGF2BP1, IGF2BP2, IGF2BP3, KIAA1429, LRPPRC, METTL14, METTL16, METTL3,

RBM15, RBM15B, WTAP, YTHDC1, YTHDC2, YTHDF1, YTHDF2, YTHDF3, ZC3H13), A-to-I editing (ADAR, ADARB1, ADARB2),82 APA (CFI,

CLP1, CPSF1, CPSF2, CPSF3, CPSF4, CSTF1, CSTF2, CSTF3, FIP1L1, NUDT21, PABPN1, PCF11, WDR33),83,84 pseudouridine (DKC1, PUS1,

PUS3, PUS4, PUS7, PUS7L, PUSL1, RPUSD1, RPUSD2, RPUSD3, RPUSD4, TRUB2),21 and uridylation (TUT1, TUT4, TUT7).85 Mutation waterfalls

for these 56 genes in the TCGA-STAD cohort were mapped using the R package ‘maftools’, and CNV variation in these regulators on chro-

mosomes was mapped using the R package ‘OmicCircos’.

Supervised cluster analysis incorporating survival information weights

Patients were clustered in a supervised manner using survClust algorithm,86 based on the mRNA expression of 56 RNA modification-related

genes, incorporating weights for survival information. The appropriate number of clusters was selected using a log rank test statistic and a

standardized intra-cluster sumof squares calculated by cross-validation. The optimal choice of clusters is madewhen the log rank test statistic

reaches a maximum value and the standardized intra-cluster sum of squares curve decreases to an inflection point. It has been verified that

clustering is optimal when the number of clusters is three. TCGA-STAD, GSE13861, GSE15459, GSE26899, GSE62254, Tianjin, GSE34942, and

GSE26901 were integrated as the training set; GSE57307 and GSE84437 were integrated as the validation set.

Assessment of tumor immune infiltration

The tumor immunemicroenvironment, including immune score, stromal score, and tumor purity, was assessed in individual samples using the

R package ‘estimate’. 28 immune cells were derived from previous studies and contained both innate immune cells, such as eosinophils, mast

cells, andmacrophages, and adaptive immune cells, such as CD4+ T cells and gd T cells.50,87 The single sample gene sets enrichment analysis

(ssGSEA) algorithm of the R package ‘GSVA’ was used to assess the abundance of 28 immune cell infiltrations in individual samples. In addi-

tion, we also assessed immune cell infiltration abundance by other algorithms, including CIBERSORT, MCPCounter, and TIMER, imple-

mented through the CIBERSORT function, MCPcounter, and the R packages ‘IOBR’, respectively.

RNA expression-based Assessment of stemness index (mRNAsi)

Stemness reflects the potential for cell self-renewal and differentiation from cells of origin, and tumor-initiating stem cells (tSCs) have a strong

capacity for self-renewal and differentiation.88 Typically, undifferentiated primary tumors are more malignant and proliferative, leading to
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disease progression and poor prognosis, and often exhibit drug resistance.89,90 Therefore, Tathiane et al. used information on stem cell clas-

ses and their differentiated ectodermal, mesodermal, and endodermal progenitors, as well as transcriptional data, to construct amodel using

a one-class logistic regression (OCLR) machine-learning algorithm to derive mRNAsi and assess the degree of stemness of tumor cells.91,92

The mRNAsi reflects the gene expression profile of stem cells in tumor samples. The model based on the training set was then applied to the

nine test datasets used in this study to calculate the mRNAsi for each sample. The mRNAsi was normalized to between 0 and 1 to assess the

stemness characteristics of the samples.

Analysis of transcriptional regulatory networks and chromatin-regulated activity between three subtypes

A transcriptional regulatory network consisting of 9 gastric cancer-specific transcription factors as well as 56 RNA regulatory enzymes93 and a

network of 71 chromatin-regulated associated factors was constructed using R package RTN.94 Reciprocal information analysis and Spearman

rank order correlation inferred possible associations between regulatory factors and all potential targets from transcriptome expression

profiles and eliminated associations with FDR >0.00001 using alignment analysis. Unstable associations were then eliminated by 1000 re-sam-

plings with a consistent bootstrap rate of >95%. Ultimately, bilateral GSEA was used to assess individual regulator activity.

RNA modification-related signature construction and survival analysis

The above RNAmodification targets were collected fromprevious studies validatedby sequencing andpredictedby RMBase (http://rna.sysu.

edu.cn/rmbase), plus 56 RNAmodification enzymes. After removingduplicates and intersectingwith the existingdataset, 2943 targetedDEGs

were obtained for the further step of signature construction.95–99 Next, wemerged cluster2 and cluster3 andperformeddifferential expression

analysiswith cluster1, resulting in 315differentially expressedgenes (p<0.05and | log fold change |>0.5).WeconductedunivariateCox regres-

sion analysis on the training dataset GSE84437 of these 315 DEGs (Table S10), yielding 94 genes with prognostic differences. Next, Stepwise

Regression Analysis obtained 24 DEGs. The signature was constructed via Random Survival Forest. TCGA-STAD, GSE13861, GSE15459,

GSE26899, GSE62254, GSE57307, GSE34942, GSE26901, Tianjin and TJ_206 were used separately as independent validation datasets.

Based on the cut-off values, the patients were assigned to a high- and low-risk group. The Kaplan-Meier method was used to assess the

efficiency of overall survival (OS) and recurrence-free survival (RFS) in high- and low-risk patients. The log rank test was used to assess statistical

significance at p < 0.05.

GENE SET ENRICHMENT ANALYSIS (GSEA)

To explore differences in biological function between subtypes, we downloaded signaling pathways from the Molecular Signaling Database

(MSigDB) and assessed changes in pathways and biological process activities between subtypes by Gene Set Enrichment Analysis (GSEA),

which was implemented by the R package ‘GSVA’. The Kyoto Encyclopedia of Genes and Genomes (KEGG) and GeneOntology (GO) results

are exhibited by a GSEA plot. FDR <0.05 was considered statistically significant.

Chemotherapy and immunotherapy response with RNA modification-related signature

Chemotherapeutic response in GC patients was predicted using the R package ‘pRRophetic’.100 Immunotherapy response was validated by

an immunotherapeutic dataset of advanced urothelial cancer (IMvigor210 cohort).58 Clinical information and gene expression data were ex-

tracted from the IMvigor210 dataset (http://research-pub.gene.com/IMvigor210CoreBiologies).

Cluster analysis of single-cell RNA-sequencing data and pseudotime analysis

ScRNA-seq dataset (GSE167297) from 14GC samples fromGEO101 were preprocessed and subsequently analyzed by the ‘Seurat’ R package.

UniformManifold Approximation and Projection (UMAP) was applied to dimensionality reduction single-cell data and visualized the cell atlas.

To filter out low-quality cells and genes, we selected cells with transcripts >300 per cell, expressed in more than three cells per transcript, the

percentage of mitochondrial ratios <10%, and ribosome ratios >3% for further analyses. Monocle 3 describes how cells transition between

transcriptome states. Major cell lineages were defined using known cell marker genes derived from the CellMarker database (https://ngdc.

cncb.ac.cn/databasecommons/database/id/6110) or the literature.

QUANTIFICATION AND STATISTICAL ANALYSIS

R 3.6.1 and R 4.1.2 were used for statistical analyses (https://www.r-project.org/). Supervised clustering of samples was performed using the R

package ‘survClust’. The Kaplan-Meier method in the R package ‘survminer’ was used to plot survival curves between subtypes. The log rank

test was used to assess whether differences in survival between subtypes were statistically significant. p-value correction for multiple testing

was performed using the Benjamini-Hochberg method. Univariate analysis of differences in the distribution of continuous variables was per-

formed using the Wilcoxon test. Multi-factor Cox analysis was used to correct for the effect of confounding factors such as age, gender, and

stage on prognosis. All tests were two-sided. p-values less than 0.05 were considered statistically significant differences unless specified.

Additional resources

This study did not generate additional data.
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