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Abstract
Digestive system tumors, which mainly include esophagus, stomach, colorectum, liver,

pancreas, bile duct, and some other tumors, often have a poor prognosis. N6-

methyladenosine (m6A) has critical functions in development and tumorigenesis and may

help improve the molecular mechanisms of digestive system tumors. However, current

understanding of the reconstitution of m6A in digestive system tumors is far from compre-

hensive. Herein, this study systematically analyzed multi-layered genomic characteristics

and clinical relevance of m6A regulators in 1906 patients involving seven digestive system

tumor types. We discovered that m6A regulators showed extensive genetic changes and

highly consistent expression regulation. The m6A expression was closely related to the

activity of cancer pathways. At the same time, we also identified m6A regulators signifi-

cantly related to the common cancer pathways of digestive system tumors and specific

cancer pathways of digestive tract and digestive glands. These cancer pathways may

explain the prognostic differences of patients with digestive tract tumors. In addition, m6A regulators demonstrated strong

potential in prognostic stratification and drug development, especially in multiple research cohorts on pancreatic cancer, pointing

to a strong prognostic stratification capability of m6A regulators. Finally, a m6A scoring model significantly related to highly active

ubiquitin-mediated proteolysis, mismatch repair, cell cycle, ebasal transcription factors was constructed and had a strong prog-

nostic stratification ability in digestive gland tumors. The score showed a significant negative correlation with the tumor immune

microenvironment. This study demonstrated that the similarities and difference of the action mechanism m6A regulators in the

digestive tract and digestive gland tumor progression could guide potential drug development.
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Introduction

As the most common form of mRNA modification,1 N6-
methyladenosine (m6A) is widely present in some viruses
and almost all eukaryotes.2 The presence of m6A on the
transcripts helps realize a variety of basic cellular functions,
as m6A could regulate exon inclusion, translation, 30-end

processing, nuclear export, alternative splicing, miRNA
processing, degradation, and circRNA translation.3–5 In
addition, m6A modification also actively participates in
many important physiological processes such as obesity,
immune regulation, circadian cycle, stem cell differentia-
tion pluripotency, DNA damage response, embryogenesis,

Impact statement
The current research discovered that N6-

methyladenosine (m6A) regulators have

extensive genetic changes and highly

consistent expression regulation. The m6A

expression is significantly correlated with

the activity of cancer pathways. At the

same time, we also identified m6A regula-

tors significantly related to the common

cancer pathways of digestive system

tumors and specific cancer pathways of

digestive tracts and digestive glands. The

current findings show that the similarities

and difference of the action mechanism

m6A regulators in the digestive tract and

digestive gland tumor progression could

guide potential drug development.

ISSN 1535-3702 Experimental Biology and Medicine 2021; 246: 2007–2018

Copyright ! 2021 by the Society for Experimental Biology and Medicine

https://orcid.org/0000-0002-9126-3281
mailto:zhangzht@ccmu.edu.cn
mailto:yangyingchi@ccum.edu.cn


yeast meiosis, and carcinogenesis.2,6–10 The abundance and
effect of m6A on RNA depends on the dynamic interaction
between methyltransferases (Writers), demethylases
(Readers), and binding proteins (Erasers).11 Thus, discov-
ery of these different m6A regulators of RNA methylation
greatly increases our understanding of the role of m6A reg-
ulation of gene expressions.12,13 Recent studies demonstrat-
ed that m6A mediated by adjusted disturbance shows
dysregulate cell death and cell effort and promotes a vari-
ety of human disease progression, for example, m6A regu-
lators facilitate the malignant transformation of glioma and
gastric cancer.14,15 RNA N6-methyladenosine demethylase
fat mass and obesity associated (FTO) promotes the pro-
gression of breast tumor through suppressing BNIP3.16

Study also showed that m6A demethylase FTO enhances
tumorigenesis of hepatocellular carcinoma through medi-
ating PKM2 demethylation.17 To elucidate RNA-based ther-
apeutic targets, the genetic changes and expression
perturbations in cancer cell heterogeneity should be more
comprehensively explored.

Digestive tract tumors such as tumors of the stomach,
rectum, esophagus, colon, liver, bile duct, and pancreas,
which are the most frequent malignancy in the world,
cause more than 2.5 million death cases in the world annu-
ally.18,19 Although medical treatments have been greatly
improved over the past half century, overall five-year sur-
vival rates of cancer patients remain dismal, especially for
those with digestive gland tumors. An early diagnosis will
greatly promote the clinical treatment outcome of gastroin-
testinal tumors, but most tumors are diagnosed at a late
stage, making advanced digestive tumors one of the most
challenging cancers in the world.20,21 Thus, to explore the
molecular mechanism of prognosis of patients with diges-
tive system tumors is highly necessary. In particular, m6A is
a new field that may improve the current understanding of
the molecular mechanisms of digestive tumors.

This study was designed to systematically examine clin-
ical relevance of m6A regulators and molecular changes in
tumors of the digestive system. By analyzing the data mate-
rials collected from by The Cancer Genome Atlas (TCGA),
the study evaluated the genetic changes and clinical prog-
nostic significance of m6A regulators in tumor tissues of the
digestive system. We also identified extensive genetic
changes and high co-expression rich in digestive system
tumors. Moreover, after analyzing the perturbation of
m6A regulators expression and cancer pathway activity,
this study proved the clinical prognostic significance of

m6A regulators; moreover, m6A regulators were confirmed
to be potential prognostic stratification indicators. This
analysis well demonstrated the important role of m6A reg-
ulators in the development of digestive system tumors, and
their similarities and differences in the progression of
digestive tract and digestive gland tumors, laying the foun-
dation for the development of RNA methylation-based
therapeutic strategies.

Materials and methods

Data acquisition and pre-processing

TCGAGDCAPI (https://gdc.cancer.gov/developers/gdc-
application-programming-interface-api) was used to
download TCGA (https://portal.gdc.cancer.gov/) for
acquiring the latest clinical follow-up data materials of
digestive system tumors (esophageal cancer, rectal cancer,
gastric cancer, bile duct cancer, colon cancer, pancreatic
cancer, and liver cancer) in 24 October 2019. Copy
number variation (CNV), methylation and RNA-seq data
(including count and Fragments Per Kilobase of transcript
perMillion Fragments [FPKM] quantitative expression pro-
file data), and SNP data were also collected. Sample statis-
tics of each digestive system tumor are shown in Table 1.

Collection of m6A regulators

We manually retrieved m6A-related literature from
PubMed (https://pubmed.ncbi.nlm.nih.gov/) and collect-
ed m6A regulators from previous literature; specifically, 20
genes comes from Yang et al.11 and Pinello et al.12 including
2 Erasers, 11 Readers, and 7 Writers (online Table S1). All of
these genes were collected from genecards (https://www.
genecards.org/) and integrated into the Entrez ID and
Gene Nomenclature Committee (HGNC) symbol.

The role of m6A regulator in cell growth

The crispr-cas9 gene scale screen was collected from cell
lines from three types of gastrointestinal cancer from
Behan et al.22 The proportion of cell lines observed by
each regulator as essential genes was calculated to analyze
the functions of m6A regulator in cell growth during gas-
trointestinal cancers.

Table 1. Tumor of digestive system in TCGA pancancer project.

Cancers Abbr Mutation RNA_Seq_normal RNA_Seq_cancer CNV Methylation_normal Methylation_normal

Rectum adenocarcinoma READ 137 10 166 164 7 98

Colon adenocarcinoma COAD 399 41 456 451 38 297

Stomach adenocarcinoma STAD 437 32 375 441 2 396

Liver hepatocellular carcinoma LIHC 364 50 374 375 50 377

Pancreatic adenocarcinoma PAAD 178 4 177 184 10 184

Esophageal carcinoma ESCA 184 11 161 184 16 185

Cholangiocarcinoma CHOL 51 9 36 35 9 36

In total 1750 157 1745 1834 132 1573

CNV: copy number variation.
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Correlation analysis of m6A regulator and Kyoto
encyclopedia of genes and genomes pathway

Gene set variation analysis (GSVA)23 was conducted with
the R software using Molecular Signatures Database
(MSigDB)24 C2 Canonical pathways gene set collection,
which contained 1320 gene sets. Single-sample gene set
enrichment analysis (ssGSEA) on each pathway was per-
formed for obtaining enrichment score of the sample in the
pathway. Finally, the correlation between the enrichment
score and m6A regulators was calculated. The threshold
was correlation greater than 0.6 and false discovery rate
<0.05.

Building cancer knowledge base

Based on Hanahan and Weinberg’s reviews on the hall-
marks of cancer,25,26 the knowledge base of cancer-related
genes was summarized and contained the genes in the fol-
lowing 25 Kyoto Encyclopedia of Genes and Genomes
(KEGG) pathways and Gene Ontology (GO) terms: (1)
MAPK signaling pathway, (2) pathways in cancer, (3)
PPAR signaling pathway, (4) mTOR signaling pathway,
(5) Jak-STAT signaling pathway, (6) cytokine-cytokine
receptor interaction, (7) cell cycle, (8) ErbB signaling path-
way, (9) telomere maintenance, (10) apoptosis, (11) TGF-b
signaling pathway, (12) VEGF signaling pathway, (13) Wnt
signaling pathway, (14) adherens junction, (15) ECM-
receptor interaction, (16) mismatch repair, (17) p53 signal-
ing pathway, (18) inflammatory response, (19) focal
adhesion, (20) nucleotide excision repair, (21) base excision
repair, (22) B cell receptor signaling pathway, (23) natural
killer cell-mediated cytotoxicity (24) glycolysis/gluconeo-
genesis, and (25) T cell receptor signaling pathway. Genes
for these pathways were downloaded from the MSigDB27

as a cancer pathway gene knowledge base.

Interaction of m6A regulator

Pearson correlation coefficient (PCC) in m6A regulators
was calculated based on gene expression for all cancer
types. Corrplot software package in the R program
(https://github.com/taiyun/corrplot)28 was used to visu-
alize the PCC in the m6A regulators. In addition, protein–
protein interactions between m6A regulators were deter-
mined based on the hippie database.29 Among them, the
genes in the cancer pathway gene knowledge base were
combined to study their interaction with m6A regulatory
genes. Only the interaction between m6A regulators and
cancer pathway genes was visualized by Cytoscape.30

Clinical significance of m6A regulators

Here, we examined whether patient survival was related to
the expression of m6A regulators. The relationship between
expression changes and patient prognosis was analyzed
with Cox proportional-hazards model analysis according
to the level of m6A regulators. Receiver operating charac-
teristic (ROC) analysis was performed using the R software
timeROC. All the patients were assigned into two groups
by Youden’s index. Difference in survival rates of the two
groups was analyzed with log rank by the package survival

in the R program. A P value of <0.05 was defined as
significant.

The m6A score

A two-phase strategy was implemented to develop
m6A_score. Firstly, the prognostic significance of m6A reg-
ulators in different digestive system tumors was analyzed
to select prognosis-related genes in more than three diges-
tive system tumors as the feature gene set. We used ssGSEA
to define the samples. The enrichment score in the feature
gene set was used as the m6A_score of the sample, and the
ssGSEA analysis was performed in the R package GSVA.23

Data and code availability

Analyses were performed in R 3.6.0, all the code and data
could be found in GitHub (https://github.com/biocn/
SigestiveSystem). The work flow chart is shown in Figure 1.

Results

m6A regulators showed extensive genetic changes in

different digestive system tumors

At present, the m6A regulators mainly include Writers,
Readers, and Erasers. After extensive literature review, a
catalogue of 20 genes including 2 Erasers, 7 Writers, and
11 Readers that mainly act as regulators of RNA methyla-
tion was screened (Figure 2(a)). Data of cell mutations were
first integrated to determine the incidence of m6A regulator
in seven types of digestive system tumors. The overall
mean mutation frequency of m6A regulator was low, rang-
ing from 0 to 11% (Figure 2(b)). Cancers that had a higher
global mutation burden (such as COAD, STAD) also dem-
onstrated higher mutation frequencies, with ZC3H13 and
KIAA1429 showing relatively higher mutation frequencies.
Investigation of the frequency of CNV changes in m6A
regulators found that CNV changes were common except
PAAD, and that IGF2BP1/2/3, YTHDF1/3, and KIAA1429
showed extensive CNVamplification. In contrast, the CNV
of ALKBH5, METTL14 were generally absent (Figure 2(c)).
Interestingly, except for PAAD, the samples with copy
number mutations or amplifications were significantly dif-
ferent when compared with the normal samples (online
Figure S1). The change of CNV may be one of the important
mechanisms of interference expression of m6A regulator.
Furthermore, the methylation differences in the promoter
region of m6A regulators were analyzed. Among them, the
m6A regulators differentially methylated in promoters were
not exactly the same in different tumors, and generally more
than 50% of the promoter methylation of m6A regulators
were different (Figure 2(d)), indicating that DNA methyla-
tion functioned critically in expression regulation of m6A
regulators. Here, the results demonstrated a highly hetero-
geneous genetic and expression change inm6A regulators in
digestive system tumor types, meaning that m6A regulators
play significant roles in different digestive system tumors.
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High co-expression of m6A regulators in tumors of the
digestive system

Gene expression data were integrated to analyze the simul-
taneous occurrence and expression correlation of gene
changes of 20 m6a regulators in seven digestive systems
tumors. It could be found that the genes in a same function-
al category demonstrated significant co-genetic changes
and highly correlated expression patterns, and high corre-
lations among Readers, Writers, and Erasers (Figure 3(a)).
There was a high correlation between genes in the same
protein complex, for example, METTL3 and WTAP of the
spliceosome complex. Furthermore, after analyzing the dif-
ferences between cancers and adjacent cancers in various
digestive system tumors, it could be found that except
PAAD, the expression of most m6A regulators in 6
tumors was different (Figure 3(b)). These differential m6A
regulators were almost uniformly and significantly overex-
pressed in tumor samples (online Figure S2(a) and (b)),
suggesting that m6A regulators may have highly consistent
expression regulation in these tumors. Similarly, the pro-
portion of cell lines observed as essential genes for each
regulatory factor was calculated (Figure 3(c)), and the
data demonstrated that m6A regulators were likely to be
the key genes in different cell lines, meaning that m6A
regulators play a key role in cell growth of m6A regulators.

M6A regulators widely participated in the regulating
carcinogenic pathways in digestive system tumors

Genes do not function isolation, and evidence suggests an
interaction between Readers, Writers, and Erasers in can-
cers.31,32 Therefore, we also examined the interactions of
these m6A regulators and the genes in 25 Cancer

Knowledge Bases in which all m6A regulators have at
least two or more gene interactions. The current results
found significant identical interaction gene clusters of the
genes in the same functional class, and that Reader and
Writers interact particularly frequently; moreover, at least
75% of m7a regulators participate in the regulation of mul-
tiple cancer pathways (Figure 4(a)). Furthermore, the
molecular mechanism of m6A regulators in tumors was
studied, and the relationship between the activity of the
KEGG pathway and the expression of m6A regulators
was analyzed. It was found that a total of 51 pathways
were noticeably related to the expression of m6A regulators
in 7 digestive system tumors. These pathways were divided
into three categories (C1: n¼ 29, C2: n¼ 6, C3: n¼ 16)
(Figure 4(b)). Specifically, the C1 pathway showed a high
correlation in CHOL, LIHC, and PAAD. These pathways
were mainly Wnt signaling pathway, basal cell carcinoma,
bladder cancer, focal adhesion, adherens junction, glioma,
renal cell carcinoma, prostate cancer, and ERBB signaling
pathway. C2 had a high correlation in ESCA, COAD, STAD,
and these pathways were mainly base excision repair,
pyrimidine metabolism, nucleotide excision repair, RNA
degradation. Pathways in class C3 had a highly consistent
high correlation in seven tumors (Figure 4(c)), and these
pathways were mainly p53 signaling pathway, cell cycle,
mismatch repair, homologous recombination, DNA replica-
tion, spliceosome, non-homologous end joining, chronic
myeloid leukemia, colorectal cancer, pancreatic cancer,
small cell lung cancer, and pathways in cancers.
Interestingly, the above pathways are significantly important
pathways in tumorigenesis, invasion andmetastasis, indicat-
ing that m6A regulators are widely present in the regulation

Figure 1. The workflow of the systematic method. (A color version of this figure is available in the online journal.)
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Figure 2. Tumor of digestive system genetic and expression alterations of m6A regulators. (a) Diagram of m6A regulators. (b) The mutation frequency of m6A

regulators in seven tumors of digestive system. (c) The CNV alteration frequency of m6A regulators in different cancer types. The bottom part of each grid shows the

deletion frequency, and the upper part shows the amplification frequency. When it exceeds 10%, the value is displayed in the graph. (d) The gene promoter methylation

differences of m6A regulators in seven tumor of digestive system types. The bottom part of each grid shows the fold changes, and the upper part shows the P value,

*P< 0.05, **P< 0.01, ***P< 0.001, and ****P <0.0001. (A color version of this figure is available in the online journal.)
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Figure 3. (a) The co-expression relationship of the m6A regulator in seven tumors of digestive system. Correlation is calculated using Pearson correlation coefficient.

The larger the red dot in the figure, the more relevant it is. *indicates P< 0.05, ** indicates P< 0.01, *** indicates P< 0.001, **** indicates P< 0.0001. (b) The expression

differences of m6A in seven tumors of digestive system. The bottom part of each grid shows the fold changes, and the upper part shows the P value. * indicates

P< 0.05, ** indicates P<0.01, *** indicates P< 0.001, **** indicates P< 0.0001. t-test was used for statistical tests. (c) Function of m6A regulators in cell growth. The

proportion of cell lines that each regulator was identified as essential gene. (A color version of this figure is available in the online journal.)
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of oncogenic pathways in digestive system tumors, and that
changes in cancer pathways vary in different tumors.

The clinical significance of m6A regulator in

digestive tumors

The general genetic and expression changes of m6A regula-
tory factor in tumors of the digestive system could provide
important insights into the development of translational
medicine. The relationship between prognostic survival of
patients and m6A regulatory factor expression in the seven
digestive system tumors was examined, and it was found
that the m6A regulatory genes were all related to the prog-
nosis of patientswith at least one type of cancer. Amajority of
m6A regulators, such as igf2bp1/2/3, METTL3, showed
oncogenic characteristics, and these genes with a high

expression were correlated with poor survival. Moreover,
we also found that some m6A regulators, such as YTHDC2
and RBM15, demonstrated tumor suppressor characteristics.
A high expression of YTHDC2 was significantly associated
with a better survival of READ, and high-expressed RBM15
was closely related to a progression-free rate of CHOL
(Figure 5(a)). At the same time, it was also observed that
the prognosis of PAAD and LIHC tumors in the seven diges-
tive system tumors is more closely related to m6A regulator
expression. It is known that patients with PAAD and LIHC
tumors often develop a worse prognosis, and both the two
cancers are digestive gland tumors, indicatingdifferent prog-
nostic patterns of the expression of m6A regulators in the
digestive tracts and glands, and may play an important
role in digestive gland cancers with a worse prognosis.
ssGSEA was used to establish m6A_score to determine the

Figure 4. (a) The expression differences of m6A in seven tumors of digestive system. The bottom part of each grid shows the fold changes, and the upper part shows

the P value, *P< 0.05, **P< 0.01, ***P< 0.001, ****P< 0.0001. t-test was used for statistical tests. (b) The hierarchical clustering of the KEGG pathway, highly

correlated with the expression of m6A regulators, in seven tumors of digestive system. Euclidean distance was used to calculate the distance between paths. (c) The

distribution of correlation coefficients between the three types of pathways was different in seven tumors. (A color version of this figure is available in the online journal.)
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expression score of m6A regulators in the samples. The
m6A_score of LIHC and PAAD in the seven digestive
system tumors was significantly related to the patients’
tumor progression and overall survival (Figure 5(b)).
Patients with PAAD showed significant prognostic differen-
ces in terms of their disease progression, disease-free surviv-
al and overall survival. Therefore, we focused on the
prognostic relationship between m6A_score and PAAD. As
expected, high m6A_score in PAAD correlated with a poor
prognosis (Figure 5(c)), and the area under the curve (AUC)
of m6A_score five-year survival rate in PAAD reached 0.83
(Figure 5(d)). High m6A_score samples had a higher expres-
sion of m6A regulators (Figure 5(e)). The same phenomenon
was seen in the ICGC pancreatic cancer cohort (Figure 5(f)).
Similarly, a high m6A_score in the ICGC cohort correlated
with poor prognosis (Figure 5(g)), and five-year survival
AUC reached 0.71 (Figure 5(h)). We selected several gene
features from recent studies, such as, Li et al.’s three-gene

feature,33 Yang et al.’s six-gene feature,34 and Yan et al.’s
four-gene feature.35 Comparing these three gene character-
istics with the AUC and C-index of m6AScore, they all have
the best predictive performance for the five-year survival
rate. The risk models of Li, Yang, and Yan have lower AUC
than m6AScore (online Figure S3(a) to (c)). In addition, com-
pared to other models, m6AScore has the highest C-index
(online Figure S3(d)).

Epithelial-mesenchymal transition (EMT) gene expres-
sion characteristics are indicative of metastasis and degree
of malignancy of human tumors.36,37 It is interesting to
observe in the current study that the expression of EMT-
related genes was noticeably higher in the samples of high-
risk groups than in samples of low-risk groups (Figure 5(i)).
These results showed that m6A_score could serve as a prog-
nostic marker of pancreatic cancer, and that m6A regulators
had different potentials in development of new treatment
strategies and prognostic classification of cancers.

Figure 5. (a) Relationship between the expression of the m6A regulator and prognosis in seven digestive system tumor types. The bottom part of each grid shows the

log2 (HR), and the upper part shows the P value. *indicates P< 0.05, ** indicates P< 0.01, *** indicates P< 0.001**** indicates P< 0.0001. (b) The prognostic

relationship between m6A_score and seven tumors of the digestive system. (c) The prognostic difference between high m6A_score and low m6A_score samples in

PAAD. Youden’s index as cutoff¼�0.6099466. (d) ROC curve of total survival between m6A_score and PAAD. (e) Heat map of the expression relationship between

m6A_score and m6A regulator. (f) Heat map of expression relationship between m6A_score and m6A regulator in ICGC queue. (g) Prognostic differences between the

high m6A_score group and the low m6A_score group in the ICGC cohort with the same cutoff. (h) ROC curve of total survival between m6A_score and PAAD in ICGC

queue. (i) Differences in the expression of EMT-related genes between the high m6A_score group and the low m6A_score group. (A color version of this figure is

available in the online journal.)
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The potential regulatory mechanism of m6A regulators
in digestive tumors

For examining the molecular mechanism of m6A regulato-
ry factor expression in the seven digestive system tumors,
the correlation between m6A_score and various pathways
was determined. Here, a total of 45 significantly correlated
pathways were found in six tumors except CHOL (online
Table S2), and 51% of these pathways were significantly
correlated in at least two tumors. Specific pathways were
also found to exist in different tumors, including 7 (41.2%)
specific pathways in PAAD and LIHC (Figure 6(a)); more-
over, these pathways may be the key to the specific regula-
tion of m6A regulators in specific tumors, such as
pancreatic cancer in PAAD and tryptophan metabolism in
LIHC. In addition, four pathways were significantly corre-
lated in the six tumors (Figure 6(b)). High m6A_score was

also related to highly active ubiquitin mediated proteolysis,
mismatch repair, cell cycle, and ebasal transcription factors,
which are all important pathways in tumor proliferation
and metastasis. Abnormal cell cycle is one of the markers
of tumorigenesis, and abnormal ebasal transcription factors
can lead to the transcription and overexpression of proto-
oncogenes, suggesting that m6A regulator may promote
the overexpression of proto-oncogenes through ebasal tran-
scription factors, thereby activating cell cycle and leading to
tumor cell proliferation. Repair deficiency can greatly
improve the effectiveness of cancer immunotherapy
under certain conditions,38,39 which suggests that the
m6A regulator may be related to the immune microenvi-
ronment. Furthermore, to determine the correlation
between immune infiltration and m6A_score, we found
that in COAD, ESCA, READ and STAD, high m6A_score

Figure 6. The potential regulatory mechanism of m6A regulator in digestive tumors. (a) The intersection distribution of pathways highly associated with m6A_score in

each tumor. The left side is the number of highly correlated pathways of each tumor. The upper part is the distribution of the number of intersection between each

tumor. The lower part is the intersection type, and the circle line represents the intersection of corresponding tumors. (b) The correlation between m6A_score and

UBIQUITIN MEDIATED protein-mediated, MISMATCH REPAIR, CELL CYCL and EBASAL TRANSCRIPTIONF ACTORS in seven digestive system tumors. The right

side is the distribution of m6A_score in the corresponding tumor. The horizontal axis is the enrichment score of the pathway, and the vertical axis is m6A_score.

(c) Correlation between m6A_score and immune score. * P< 0.05, **P< 0.01, ***P< 0.001****P< 0.0001. (A color version of this figure is available in the online journal.)
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was associated with low immune infiltration, while in
LIHC, it was negatively correlated with matrix components,
and there was no significant correlation in CHOL and PAAD
(Figure 6(c)). We used the online database Timmer40 to eval-
uate the scores of the 6 types of immune cells in pancreatic
cancer patients, and compared the differences in the scores of
the 6 types of immune cells in the low- and high-risk groups.
The data revealed that high-risk patients were significantly
higher than those in low-risk patients (online Figure S3(e)),
which suggests that patients in different risk groups have
different immune microenvironment characteristics.
Furthermore, we obtained the PD-L1 immunotherapy
cohort data set from the previous study (10.1038/
nature25501), calculated the m6AScore of each patient
using the same method, and compared the difference in
m6AScore of patients with different immune responses.
Interestingly, patients in the immunotherapy progression
group have significantly higher m6AScore (online Figure
S3(f)), which suggests that highm6AScoremay be a potential
marker for immunotherapy. These data revealed that in gas-
trointestinal tumors there was a specific association between
m6A_score and immunity, which could lead to different clin-
ical outcomes in gastrointestinal and digestive gland tumors.

Discussion

In most cancer types, genomic instability, which is consid-
ered as a hallmark of malignancy, will lead to DNA copy
number changes.25,41 These CNVs are important determi-
nants of gene expression in cancer.42 DNA methylation is
another important regulator of gene transcription in addi-
tion to copy number abnormalities and a widely explored
epigenetic modification.43 Abnormal hypomethylation
induces genomic instability and oncogene overexpression,
while hypermethylation of tumor suppressor gene promot-
er regions may disrupt DNA repair, cell apoptosis, and cell
cycle regulation, thereby causing malignant cell transfor-
mation.44 Recent studies showed that epigenomics, geno-
mics, and transcriptomics all have critical functions in the
progression of tumors.45,46 A comprehensive analysis on
multi-layered genomic characteristics of cancer can help
better classify molecular subtypes, explore precise mecha-
nisms and tumor heterogeneity, and reveal candidate ther-
apeutic targets and biomarkers. Multilayer genome
features of m6A regulators analysis found that CNV
change of m6A regulators is widely present in the digestive
system tumors and also anomalies such as a vast majority
of abnormal promoter methylation may lead to the change
gene expression in tumor. For example, the samples with
copy number mutation or amplification are significantly
different from the normal samples. More interestingly, a
majority of m6A regulators were almost identical in diges-
tive system tumors, and in the tumor samples, the level of
m6A was noticeably higher. In addition, we also observed
that m6A regulators play a critical role in cell growth and
may be necessary genes across cell lines, and that they had
a high co-expression relationship in the seven digestive
system tumors. These results demonstrated that m6A reg-
ulators function critically in the digestive system. Tumors
may have highly consistent regulation of expression, and

there may be a highly heterogeneous genetic and expres-
sion change in specific digestive system tumor types.

The m6A regulators have critical functions in the carcino-
genic pathway.47 In our research, it was found that these
m6A regulators widely participated in the regulation of
cancer pathways, and that genes belonging to the same func-
tional class showed significant identical interactions with
cancer pathway gene aggregation; moreover, the interaction
between Reader and Writers was particularly frequent. In
addition, we also found that there was a set of highly consis-
tent pathways related to m6A regulator expression among
digestive tract tumors, such as p53 signaling pathway, mis-
match repair, cell cycle, pathways in cancer, and DNA repli-
cation, all of which are related to tumorigenesis. In addition,
there were two groups of pathways related tom6A regulator
expression and were highly consistent in the digestive tracts
and gland tumors. Specifically, pathways in the digestive
tract were base excision repair, pyrimidine metabolism,
nucleotide excision repair, and RNA degradation. Specific
highly related pathways in the digestive glands were basal
cell carcinoma, Wnt signaling pathway, bladder cancer, focal
adhesion, adherens junction, and ERBB signaling pathway.
Although these pathways play an important role in tumor
progression, m6A regulator relationship shows expression
differences in different tumor types; therefore, m6A regula-
tors could function similarly in different types of cancer con-
trol, at the same time, differences still exist in regulation and
control, which may be the cause of different tumor types of
clinical results.

Abnormal expression in m6A regulators is observed in
many cancer types. For example, WTAP expression is upre-
gulated in acute myeloid leukemia (AML) cell lines and
samples. In addition, WTAP knockout inhibits the survival
and proliferation of AML cells, suggesting that WTAP
could be a potential oncogene in AML.48 Similarly, in blad-
der cancer tissue samples, the downregulation of METTL3
inhibits the migration, invasion, and proliferation of cancer
cells in vitro and tumor growth in vivo.49 This suggests that
the m6A regulators has great potential in serving as a prog-
nostic marker. In our analysis, we also observed that m6A
regulators were correlated with the prognosis of patients
with at least one type of cancer. Most of the m6A regulators
showed oncogenic characteristics, while a few had tumor
suppressor characteristics, and there were different prog-
nostic patterns in the digestive tract and digestive glands.
This study established a cross-cancer m6A_score model
and found that m6A_score was significantly correlated
with prognosis in LIHC and PAAD, especially with signif-
icant prognostic differences in total survival, progression
and disease-free survival in PAAD. In addition, the five-
year survival rate of AUC in PAAD reached 0.83, and the
AUC in the validation cohort reached 0.71, suggesting that
m6A_score was likely to be a prognostic marker for pan-
creatic cancer. m6A_score in the seven digestive system
tumors was highly positively correlated with highly
active ubiquitin mediated proteolysis, mismatch repair,
cell cycle, and EBASAL transcription factors. Cell cycle
abnormalities are signs of tumorigenesis. Abnormal
EBASAL transcription factors can cause transcription and
overexpression of proto-oncogenes, which suggests that
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m6A regulators may promote overexpression of proto-
oncogenes through EBASAL transcription factors to acti-
vate cell cycle and result in tumor cell proliferation.
Under certain conditions, mismatch repair deficiency can
greatly improve the efficacy of cancer immunotherapy.38,39

Furthermore, the relationship between m6A_score and
immune infiltration showed that m6A_score was signifi-
cantly negatively related to immune infiltration in gastro-
intestinal tumors, but such phenomenon was not found in
gastrointestinal tumors. We suspected that this may be
related to the presence of more microorganisms in the
digestive tract. Gut microbes are decisive to the efficacy
of immunotherapy.50 PD1 expression is found in regulatory
T cells of patients with Helicobacter pylori infection.51 This
suggests that the level of m6A regulators may be closely
related to the immune microenvironment and microecol-
ogy, and such a relationship could result in different clinical
outcomes of digestive tract and digestive gland tumors.

Conclusions

In summary, we systematically studied the clinical rele-
vance of m6A regulators and molecular changes in diges-
tive system tumors, identified extensive genetic changes
and high co-expression in rich digestive system tumors,
and also evaluated the perturbation of m6A regulators
expression and the cancer pathway. This study proved
the clinical prognostic significance of m6A regulators.
Here, m6A regulators were confirmed as potential indica-
tors of prognostic stratification, and we established the
m6A_score model across tumors, highlighting a critical
role of m6A_score in the development of digestive system
tumors. Similarities and differences in the progression of
digestive tract and gland tumors were also identified.
Those results may contribute to the understanding of the
development of therapeutic strategies based on RNA
methylation.
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