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Abstract
Background: As the most abundant epigenetic modification on mRNAs and long 
non‐coding RNAs, N6‐methyladenosine (m6A) modification extensively exists in 
mammalian cells. Controlled by writers (methyltransferases), readers (signal trans-
ducers), and erasers (demethylases), m6A influences mRNA structure, maturation, 
and stability, thus negatively regulating protein expression in a post‐translational 
manner. Nevertheless, current understanding of m6A’s roles in tumorigenesis, espe-
cially in gastric cancer (GC) remains to be unveiled. In this study, we assessed m6A’s 
clinicopathological relevance to GC and explored the underlying mechanisms.
Methods: By referring to a proteomics‐based GC cohort we previously generated and 
the TCGA‐GC cohort, we merged expressions of canonical m6A writers (METTL3/
METTL14), readers (YTHDF1/YTHDF2/YTHDF3), and erasers (ALKBH5/FTO), 
respectively, as W, R, and E signatures to represent m6A modification. We strati-
fied patients according to these signatures to decipher m6A’s associations with cru-
cial mutations, prognosis, and clinical indexes. m6A’s biological functions in GC 
were predicted by gene set enrichment analysis (GSEA) and validated by in vitro 
experiments.
Results: We discovered that W and R were potential tumor suppressive signatures, 
while E was a potential oncogenic signature in GC. According to W/R/E stratifica-
tions, patients with low m6A‐indications were accompanied with higher mutations 
of specific genes (CDH1, AR, GLI3, SETBP1, RHOA, MUC6, and TP53) and also 
demonstrated adverse clinical outcomes. GSEA suggested that reduced m6A was 
correlated with oncogenic signaling and phenotypes. Through in vitro experiments, 
we proved that m6A suppression (represented by METTL14 knockdown) promoted 
GC cell proliferation and invasiveness through activating Wnt and PI3K‐Akt signal-
ing, while m6A elevation (represented by FTO knockdown) reversed these pheno-
typical and molecular changes. m6A may also be involved in interferon signaling and 
immune responses of GC.
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1  |   INTRODUCTION

The activity of RNA is tightly controlled by multiple types 
of post‐transcriptional regulations, such as chemical modi-
fications and structural alterations, which influence RNA 
stability and degradation, subsequently induce protein trans-
lation changes and modulate signaling pathways. Over 100 
post‐transcriptional modifications on RNA have been iden-
tified, in which N6‐methyladenosine (m6A) is the most pre-
dominant modification of mRNA and long noncoding RNA 
observed in high eukaryotic cells.1 In both eukaryotes and 
prokaryotes, m6A also widely exists in other types of RNAs, 
including ribosomal RNAs, small nuclear RNAs, and transfer 
RNAs.2

With the understanding to RNA methylation deepens, a 
series of regulators have been identified to be involved in 
regulating mammalian m6A. m6A modification on RNA was 
imprinted by methyltransferases, preferentially recognized 
and conveyed by reader proteins, and erased by RNA demeth-
ylases. Consequently, these three categories of regulators dy-
namically controlling m6A are defined as writers, readers 
and erasers. Controlled by these three types of regulators, 
m6A methylation epigenetically mediates expression of vast 
genes, thus playing multiple roles in modulating biological 
processes. Acquisition of m6A reduces transcript stability 
and mediates target mRNA decay, suggesting m6A modifica-
tion as a negative regulator of mRNA translation. Conversely, 
loss of m6A enhanced the abundance and lifespan of tran-
scripts, as well as the overall expression of proteins. m6A 
also alters RNA structure, facilitates the binding of protein 
regulators, influences mRNA maturation and modulates gene 
expression.3

A variety of proteins have been proved to be involved in 
m6A regulation, in which METTL3, METTL14 were iden-
tified as writers, YTHDF1, YTHDF2, YTHDF3 as readers, 
and FTO, ALKBH5 as erasers.4 As two classical S‐adenosyl 
methionine‐binding subunit associated with mRNA methyl-
ation, METTL3 and METTL14 form a heterodimer complex 
that mediates m6A deposition on mammalian mRNAs.5,6 
METTL3 knockdown simultaneously elicited a reduction 
in m6A and apoptosis of HeLa cells,2 while knockout of its 
interactive homologue METTL14 in mouse embryonic stem 
cells displayed a resistance to maturation.7,8 Among YTH 

domain‐containing proteins, YTHDF1/YTHDF2/YTHDF3 
were identified as m6A cytosolic readers, who selectively 
bind to the m6A on the transcripts of its target via their C‐ter-
minal YTH domain.4,9 It was shown that YTHDF2 promoted 
tumor suppressive SCOCS2 degradation in hepatocellular 
carcinoma.10 For erasers, FTO removes the m6A residues 
around the splice sites and modulates the alternative splicing 
of its target transcripts.11 FTO‐deficient mice exhibited early 
mortality and reduced body mass, while ALKBH5 knockout 
mice displayed impaired male fertility.12-14 m6A modifica-
tion is also found participating in cell fate determination and 
embryonic development.6

Recent studies also outlined m6A regulators’ involve-
ment in cancer. In breast cancer, Panneerdoss and colleagues 
pointed out that the interplay among writers, readers, and 
erasers determines the stability of a series of cell cycle, 
epithelial‐mesenchymal transition (EMT), and angiogene-
sis regulators.1 Hypoxia‐activated HIF‐1α/HIF‐2α upreg-
ulated ALKBH5, while depletion of ALKBH5 reduced 
metastasis via reducing cancer stem cells.15,16 It was re-
ported that IGF2BP1 sustains the expression of various 
SRF target genes and promotes liver cancer progression in 
an m6A‐dependent manner.17 2%–9% copy number varia-
tion (CNV) of m6A regulator genes, including METTL3, 
METTL14, YTHDF1, YTHDF2, ALKBH5, and FTO, were 
observed in acute myeloid leukemia (AML), while pa-
tients carrying m6A‐related CNVs or mutations displayed 
poorer prognosis.18 Increased m6A enhances the expres-
sion of PTEN/c‑Myc/BCL2, modulates myeloid differen-
tiation, haematopoietic stem/progenitor cell specification, 
while FTO‐mediated m6A inhibition promotes leukocyte 
transformation and leukemogenesis.19-22 Upregulation of 
ALKBH5 or knockdown of METTL3/METTL14 were also 
reported to induce glioblastoma tumorigenesis by promot-
ing FOXM1 expression.23,24

However, the clinicopathological effects and relevant 
mechanisms of RNA m6A modification, especially in gas-
tric cancer (GC), remain largely unrevealed. In this study, we 
assessed the clinical correlation of m6A modification in GC 
patient cohorts, and identified the pathways and phenotypes 
regulated by m6A modification. Our work expanded current 
understanding to m6A‐related signaling, and provided novel 
insights for the realm of GC research.

Conclusions: Our work demonstrated that low‐m6A signatures predicted adverse 
clinicopathological features of GC, while the reduction of RNA m6A methylation 
activated oncogenic Wnt/PI3K‐Akt signaling and promoted malignant phenotypes 
of GC cells.
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2  |   MATERIALS AND METHODS

2.1  |  Origin of patient specimens and 
datasets

Tissue specimens from 78 diffuse GC patients (testified by 
both mass‐spectrum (MS) based profiling and exome se-
quencing) were collected by Department of gastrointestinal 
oncology and Department of Pathology, Peking University 
Cancer Hospital & Institute. Experiments using patient speci-
mens were approved by the Institutional Ethics Committee, 
Peking University Cancer Hospital & Institute. Written in-
formed consents were obtained from all specimen provid-
ers. Proteomic profiling as well as exome sequencing for 
the samples were previously performed and described.25 
Additionally, we were free to download and analyze the GC 
TCGA dataset with R 3.0.2 software (www.r-proje​ct.org). 
The data that support the findings of this study are openly 
available in TCGA (https​://portal.gdc.cancer.gov/) and refer-
ence number (25).

2.2  |  Stratification and definition of 
m6A signatures

In both MS and TCGA datasets, the geometric average 
between METTL3 and METTL14’s expressions was cal-
culated and used as the writer signature (namely, W), simi-
larly, YTHDF1, YTHDF2, YTHDF3 were combined as the 
reader signature (namely, R), while ALKBH5 and FTO were 
combined as the eraser signature (namely, E). Patients were 
classified into “low” or “high” groups according to expres-
sions of the seven m6A regulators (METTL3, METTL14, 
YTHDF1, YTHDF2, YTHDF3, ALKBH5, FTO) or the 
three signatures (W, R, E) in a median‐based criterion. 
Following the same criterion, W and E were concomi-
tantly stratified into writer‐low‐eraser‐low (WLEL), writer‐
low‐eraser‐high (WLEH), writer‐high‐eraser‐low (WHEL), 
writer‐high‐eraser‐high (WHEH) groups; R and E were con-
comitantly stratified into reader‐low‐eraser‐low (RLEL), 
reader‐low‐eraser‐high (RLEH), reader‐high‐eraser‐low 
(RHEL), reader‐high‐eraser‐high (RHEH) groups; W and R 
were concomitantly stratified into writer‐low‐reader‐low 
(WLRL), writer‐low‐reader‐high (WLRH), writer‐high‐
reader‐low (WHRL), writer‐high‐reader‐high (WHRH) 
groups. When jointly considering the expressions of W, 
R, and E, we further stratified patients into six subgroups: 
writer and reader‐double‐low‐eraser‐low (WRdLEL), writer 
and reader‐double‐low‐eraser‐high (WRdLEH), writer 
and reader‐single‐high‐eraser‐low (WRsHEL), writer and 
reader‐single‐high‐eraser‐high (WRsHEH), writer and 
reader‐double‐high‐eraser‐low (WRdHEL), writer and 
reader‐double‐high‐eraser‐high (WRdHEH). Altogether, 
since writers/readers promoted while erasers counteracted 

m6A level and functions, WL, RL, EH, WLEH, RLEH, WLRL, 
and WRdLEH stratifications were defined as low m6A‐in-
dications, while WH, RH, EL, WHEL, RHEL, WHRH, and 
WRdHEL as high m6A‐indications.

2.3  |  Statistics analysis and formatting

The seven m6A regulators or three signatures’ mutual re-
lationships were assessed with Pearson or Spearman cor-
relation analysis. The diversity of mutations or expressions 
between stratified groups were compared with Student t‐test. 
Survival proportions (overall survival, OS) were compared 
with Kaplan‐Meier analysis paired with Log‐rank test. The 
best cut‐off value for Kaplan‐Meier analysis were calcu-
lated with ROC curves. Clinical indications were compared 
with Fisher's exact test or Chi‐square test. All statistics were 
performed with SPSS 21.0 software, and P < 0.05 was con-
sidered to be of statistical significance. Heatmaps and Venn 
diagrams were formatted with R 3.0.2 or Excel software. 
Other statistics were formatted with GraphPad Prism 5.1 
software.

2.4  |  Gene set enrichment analysis

Categorical gene set enrichment analysis (GSEA) was 
performed with GSEA v2.0.13 software for stratifica-
tions based on W, R, E signatures or their double/triple 
stratifications. Official gene sets, including Hallmark (H), 
Oncogenic (C6) as well as three interferon‐related ones 
(type I interferon, interferon α/β and interferon γ), were 
downloaded from GSEA website (www.broad​insti​tute.
org/gsea/) for enrichment. A permutation number of 1000 
was adopted.

2.5  |  Cell lines, culturing and transfection

Gastric cancer cell lines HGC‐27 and MKN45 were pur-
chased from ATCC (Manassas, VA). MGC803 was pur-
chased from Shanghai Institutes for Biological Sciences 
(Shanghai, China). Cells were maintained in RPMI‐1640 
medium (Invitrogen, Carlsbad, CA) supplemented with 
10% fetal calf serum (Gibco BRL) and 1% penicillin 
plus streptomycin (HyClone, Logan, UT), and incubated 
in a humidified incubator (37℃, 5% CO2). Transfection 
of small interference RNAs (siRNAs) was mediated by 
Lipo 3000 transfection reagent (Thermo Fisher, USA). 
siRNAs were generated by Ribobio (Guangzhou, China). 
Interference sequences are: siR‐METTL14‐1, 5′‐GCA 
TTGGTGCCGTGTTAAATA‐3′; siR‐METTL14‐2, 5′‐GG 
TTACAGAAGATGTGAAGAT‐3′; siR‐METTL14‐3, 5′‐G 
CTAATGTTGACATTGACTTA‐3′; siR‐YTHDF1‐1, 5′‐A 
CGGCAGAGTCGAAACAAA‐3′; siR‐YTHDF1‐2, 5′‐CT 
CCACCCATAAAGCATAA‐3′; siR‐YTHDF1‐3, 5′‐GCCG 

http://www.r-project.org
https://portal.gdc.cancer.gov/
http://www.broadinstitute.org/gsea/
http://www.broadinstitute.org/gsea/
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TCCATTGGATTTCCT‐3′; siR‐FTO‐1, 5′‐GGATGACTC 
TCATCTCGAA‐3′; siR‐FTO‐2, 5’‐GCTGAAATATCCTA 
AACTA‐3′; siR‐FTO‐3, 5′‐GTCACGAATTGCCCGAAC 
A‐3′.

2.6  |  Cell proliferation assay

After transfected with siRNA sequences for 36 hours, cells 
were cultured in 96‐well plates (3 × 103 per well) as triplicate 
wells and incubated under 37°C. After adherence (regarded 
as 0  hour time point), the proliferation rates of cells were 
measured with the CloneSelect Imager system (Molecular 
Devices, Sunnyvale, CA) at 24, 48, 72, and 96 hours time 
points, and formatted as growth curves with GraphPad Prism 
5.1.

2.7  |  Migration and invasion assay

For migration assay, 150 μL re‐suspended cells (2 × 105 per 
mL) were plated in the upper chamber of each transwell 
(Corning, New York, NY), then inserted into the bottom 
chamber containing 800 μL complete 1640 medium (10% 
FBS). After 48 hours culturing, the transwells were fixed 
in methanol and stained with 0.1% crystal violet solu-
tion. Cells remaining in the upper chamber were removed. 
For invasion assay, transwells pre‐coated with matrigel 
(Corning, New York, NY) were used instead of normal 
ones, while the other procedures were similar to those of 
migration assay. The polycarbonate membrane carrying 
penetrated cells was cut off, sealed with resin, and then 
observed under 200× microscope. Cells in captured images 
were counted with Image J, and measured with SPSS 21.0 
software.

2.8  |  RNA purification, quantification of 
m6A methylation and quantitative RT‐PCR

RNA in cultured cells was extracted with total RNA purifica-
tion kit (TR01, Genemark, China), and treated with DNase I 
to remove DNA contaminations. Purified RNA (200 ng per 
reaction) was assessed with m6A RNA methylation quanti-
fication kit (P‐9008, Epigentek, Farmingdale, NY). A nega-
tive and a positive control were provided along with the kit. 
Adjusted m6A levels were calculated following the provid-
er's instructions.

After reverse transcription, quantitative PCR assay 
was performed using SYBR Green (Applied Biosystems, 
Foster City, CA) method. The setting for amplification was 
95°C/30 s, followed by 40 cycles of 95°C/30 s, 59°C/20 s, and 
72°C/30 s. Primers were generated by Sangon Biotechnology 
(Shanghai, China). Primer sequences were:

IFNA, 5′‐ATTTCTGCTCTGACAACCTC‐3′, 5′‐CTGA 
ATGACTTGGAAGCCTG‐3′

IFNB,  5′‐ACTGCAACCTTTCGAAGCCT‐3′,  5′‐AG 
CCTCCCATTCAATTGCCA‐3′

IFNG,   5′‐TGCAGGTCATTCAGATGTAGCGGA‐3, 
5′‐TGTCTTCCTTGATGGTCTCCACACTC‐3′

ISG15 ,   5 ′ ‐TTTGCCAGTACAGGAGCTTG‐3 ′ , 
5′‐TTCAGCTCTGACACCGACAT‐3′

GAPDH, 5′‐TGGTATCGTGGAAGGACTCA‐3′, 5′‐CCA 
GTAGAGGCAGGGATGAT‐3′

2.9  |  Western blot assay

Cells were directly lyzed in 1× boiling SDS‐PAGE load-
ing buffer (1% SDS, 11% glycerol, 10% β‐mercaptoethanol, 
0.1  mol/L Tris, pH 6.8). Protein bands were successively 
probed with primary antibodies and HRP‐conjugated sec-
ondary antibodies, then visualized using the Clarity Western 
ECL substrate (Bio‐Rad, Hercules, CA) and visualized 
with Amersham Imager 600 (GE Healthcare, Chicago, IL). 
Antibodies for E‐cadherin (ab40772), FTO (ab124892), 
and METTL14 (ab220030) were purchased from Abcam. 
Antibodies for Akt (#4691), pS473‐Akt (#4060), Axin 
(#2087), β‐catenin (#8480), GSK‐3β (#12456), pS9‐GSK‐3β 
(#5558), S6 (#2217), and pS235‐S6 (#4858) were from CST. 
Antibody for GAPDH (60004) and YTHDF1 (17479‐1‐AP) 
were from Proteintech.

2.10  |  ELISA assay

Cells were pre‐cultured in 24‐well plates and transfected with 
siRNAs. Transfected medium was refreshed 24  hours post 
transfection. Supernatant were collected 48 hours post trans-
fection and testified with the Human IFN‐alpha ELISA Kit 
(41100‐1), Human IFN‐beta DuoSet ELISA Kit (DY814‐05) 
and Human IFN‐gamma DuoSet ELISA Kit (DY285B). All 
kits were acquired from R&D Systems.

3  |   RESULTS

3.1  |  Quantifying m6A regulators’ 
expression profiles by mass spectrum profiling

An antibody capture‐based sequencing approach has been 
recently developed to identify m6A transcripts, yet m6A‐
aimed omics study regarding patient‐derived cancer speci-
mens remains rare.26 In order to investigate m6A’s roles in 
GC, we extracted the expressions of m6A regulators from 
large‐sample GC cohort to represent the degree of m6A 
modification. According to previous reports, METTL3/
METTL14, YTHDF1/YTHDF2/YTHDF3, and ALKBH5/
FTO were certificated to be writers, readers, and erasers for 
m6A modification, respectively. These three classifications 
of m6A regulators were assessed across a mass spectrum‐
based GC dataset (MS cohort) previously generated by our 
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groups.25 In this dataset, members within the same classi-
fication were positively correlated on protein level (Figure 
S1A), validating the functions of group members were in 
consistency.

In order to better evaluate the impact of m6A modi-
fication in GC, we combined expressions of METTL3/
METTL14 as the signature for writer (abbreviated as W), 
YTHDF1/YTHDF2/YTHDF3 as the signature for reader 
(abbreviated as R), and ALKBH5/FTO as the signature for 
eraser (abbreviated as E). In MS cohort, expression level 
of W displayed a positive correlation with R, while despite 
the statistics were insignificant due to limited samples, lev-
els of W and R were both negatively correlated with that 
of E (Figure S1B), which comply with the fact that writers 
and readers were exclusive to erasers in mediating m6A 
modification and functions.

3.2  |  Expressional and mutational 
landscape of m6A regulators and signatures

We then investigated the distribution of the seven m6A 
regulators and the three generated signatures (W, R, E) 
across our MS cohort (78 cases) and TCGA GC datasets 
(289 cases), and assessed their correlations with genomic 
features. Patients in each cohort were defined as “high” 
or “low” expressions according to individual levels of 
W/R/E in a median‐based criterion, and were then dou-
ble‐stratified by WE/RE/WR or triple‐stratified by WRE 
signatures (Figure 1A). According to targeted exome se-
quencing, crucial mutations were assessed across both MS 
and TCGA cohort. Mutations of METTL3, METTL14, 
YTHDF1, YTHDF2, YTHDF3, ALKBH5, and FTO were 
rare, while another 183 genes were found with a mutation 
frequency higher than 1% in both MS and TCGA cohort 
(Table S1).

Among the 183 genes, mutation patterns of CDH1, AR, 
GLI3, SETBP1, RHOA, MUC6, and TP53 were found closely 
associated with m6A signatures. For W/R/E single‐strat-
ification, these genes were more frequently mutated in pa-
tients with expression of low writer (WL), low reader (RL), 
or high eraser (EH) signatures. For WE/RE/WR double‐strat-
ifications, their mutation frequencies were higher in WLEH 
than in WHEL and higher in RLEH than RHEL, or higher in 
WLRL than in WHRH groups. For WRE triple‐stratification, 
their mutation frequencies were higher in WRdLEH than in 
WRdHEL groups. Fold changes of these mutation rates were 
compared in above stratifications, while a merged plot com-
bining both MS and TCGA datasets was shown (Figure 1B). 
Since WL, RL, EH, WLEH, RLEH, WLRL, and WRdLEH strat-
ifications were defined as low m6A‐indications, while WH, 
RH, EL, WHEL, RHEL, WHRH, and WRdHEL as high m6A‐in-
dications as mentioned in Materials & Method section, these 
key mutations (CDH1, AR, GLI3, SETBP1, RHOA, MUC6, 

TP53) were collectively associated with reduced m6A. 
Specifically, a missense mutation (p.D254Y) on CDH1 was 
predominantly observed in patients with low m6A‐indica-
tions (Figure 1C), suggested key mutations in GC may inhibit 
m6A modification.

3.3  |  Reduced m6A predicts adverse 
outcome in GC

According to expression of m6A signatures (W/R/E), GC 
patients were classified into “high” and “low” expression 
groups following a median‐based criterion, then assessed by 
Kaplan‐Meier survival analysis paired with Log‐rank test. 
Among the three signatures, high expression of E was cor-
related with adverse OS, while high W predicted prolonged 
OS despite of insignificant statistics (Figure 2A). Although 
R’s indication for survival was subtle, a favorable prognostic 
trend for R was also seen in both MS and TCGA datasets 
(Figure 2A).

Due to that m6A was simultaneously regulated by writ-
ers, readers and erasers, pairwise double stratifications for 
W, R, and E were performed to better reflect m6A regu-
lation. For WE‐stratification, writer‐high‐E‐low (WHEL) 
groups displayed the best, while writer‐low‐E‐high 
(WLEH) displayed the worst prognosis; similarly, for RE‐
stratification, reader‐high‐E‐low (RHEL) showed more fa-
vorable survival than reader‐low‐E‐high (RLEH). However, 
for WR‐stratification, writer‐high‐reader‐high (WHRH) 
and writer‐low‐reader‐low (WLRL) groups displayed the 
most favorable and adverse survival, respectively. Each 
complete double stratification (Figure 2B, upper panel) 
and the two most diverse subgroups were demonstrated 
(Figure 2B, lower panel). Since writers and readers com-
parably showed favorable prognostic indications, W and R 
signatures were considered altogether to perform a WRE‐
triple stratification. Generally, patients with the highest 
m6A‐indication in theory (writer and reader‐double‐high‐
eraser‐low, WRdHEL) had significantly improved progno-
sis than patients with the lowest m6A‐indication in theory 
(writer and reader double‐low‐eraser‐high, WRdLEH), 
while prognosis of the latter ranked as the worst among 
all WRE stratifications (Figure 2C). Since only diffuse 
subtype has been enrolled in our MS cohort, we also in-
vestigated the prognostic value of m6A‐indications across 
both diffuse and intestinal subtypes in TCGA cohort. Low 
m6A‐indications predicted poor survival in both diffuse 
(GD) and intestinal (GI) subtypes (Figure 2D), suggesting 
that m6A’s impact on prognosis prevalently existed in GC, 
while expression of m6A regulators and their signatures 
could be potentially considered as prognostic markers. 
Moreover, in order to optimize the separation of progno-
sis, we also selected the best cutoffs with minimum P val-
ues for W/R/E signatures by drawing ROC‐curves (Figure 
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F I G U R E  1   Expressional and mutational landscape of m6A signatures in MS and TCGA datasets. (A) The landscape of 183 high‐frequency 
mutations and TMB/MSI/EBV status, as well as the distributions of writers, readers, erasers, W/R/E signatures and their double‐ or triple‐
stratifications across gastric cancer MS and TCGA datasets were displayed. nonmut, non‐mutated; mut, mutated. MSI‐H, MSI‐high; MSI‐L, 
MSI‐low. neg, EBV‐negative; pos, EBV‐positive. (B) Mutation frequencies of specific driver genes were compared between low m6A‐indications 
(WL, RL, EH, WLEH, RLEH, WLRL, WRdLEH) and high m6A‐indications (WH, RH, EL, WHEL, RHEL, WHRH, WRdHEL). Fold changes of low‐ vs 
high‐indications were calculated for both MS and TCGA cohorts and intersected as a heatmap. DN, downregulated mutation rates in low m6A‐
indications compared with high m6A‐indications; UP, upregulated mutation rates in low m6A‐indications compared with high m6A‐indications. 
(C) Frequency of CDH1 p.D254Y missense mutation in patients expressing low or high m6A signatures. EBV, Epstein‐Barr virus; MS, mass‐
spectrum; MSI, microsatellite instability; TMB, tumor mutation burden
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S2A). The prognostic tendencies of all stratifications re-
mained unimpaired and the efficiencies of Kaplan‐Meier 
analysis were generally improved by applying the best cut-
offs (Figure S2B‐E).

We also investigated m6A signatures’ correlation with 
clinical variables. Similar to their association to prognosis, 
low m6A‐indications (WLEH, RLEH, WLRL, and WRdLEH) 
were more frequently seen in diffuse subtype and displayed 
a worse clinical outlook (progressed T/N/M status and ad-
vanced tumor stages) than high m6A‐indications (WHEL, 
RHEL, WHRH, WRdHEL) in both double‐stratifications (WE/
WR/RE, Tables S2 and S3) and triple‐stratifications (WRE, 

Tables 1 and 2 and Table S4), despite that the statistic diver-
sity was impaired by limited case numbers. The correlation 
between m6A signatures and patient outcomes indicated that 
the maintenance of m6A modification suppressed, while re-
duced m6A modification contributed to carcinogenesis and 
progression in GC.

3.4  |  Reduced m6A promotes proliferation  
and invasiveness of GC cells

In order to elucidate m6A modification's biological as-
sociation with GC, we performed pathway analysis for 

F I G U R E  2   Prognostic implications of m6A signatures in gastric cancer. Overall survival of patients from MS and TCGA cohorts were 
indicated by (A) W, R and E, or by their (B) double‐ or (C) triple‐stratifications. Survival proportions were assessed by Kaplan‐Meier analysis 
paired with Log‐rank test. Stratifications with the most diverse m6A‐indications (WLEH and WHEL in WE, RLEH and RHEL in RE, WLRL and 
WHRH in WR, WRdLEH and WRdHEL in WRE) were further outlined as individual images. (D) For TCGA cohort, GD (diffuse) and GI (intestinal) 
patients were separately stratified with WRE signatures to compare survival proportions. MS, mass‐spectrum
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m6A signatures. The number of overlapping DEGs (dif-
ferentially expressed genes) between W and R (855/7140 
for MS/TCGA) were much larger than between W and E 
(45/5171 for MS/TCGA) or between R and E (40/5884 for 
MS/TCGA) (Figure 3A), suggesting that writers and read-
ers shared a higher compatibility in modulating biologi-
cal events than each of them shared with erasers. GSEA 
was performed for W/R/E stratifications in MS and TCGA 
cohorts. Hallmark (H) and Oncogenic (C6), the two gene 
sets that majorly defining cancer‐related pathways and 
phenotypes, were used for analysis. Double stratifications 
exhibited that high m6A‐indications (WHEL, RHEL, WHRH) 
were negatively enriched in multiple oncogenic pheno-
types/pathways, including EMT, Wnt, PI3K‐Akt‐mTOR, 
TGF‐β, Hedgehog and hypoxia‐related genes in both MS 
and TCGA data (Figure S3A‐C). Similarly, for triple 
stratification, WRdHEL group (highest m6A‐indication) 

was also negatively enriched in these oncogenic pheno-
types/pathways (Figure 3B), implicating that m6A poten-
tially represses these signaling and inhibits corresponding 
phenotypes.

For verification, we assessed the total level of m6A mod-
ification in multiple GC cell lines. The content of RNA bear-
ing m6A modification increased in cascade from HGC‐27, 
MGC803 to MKN45 (Figure 4A). Meanwhile, the migration 
capability decreased from HGC‐27, MGC803 to MKN45 

T A B L E  1   The correlation between triple‐stratification (WRE) of 
m6A signatures and clinical indexes in MS data

MS WRdLEH WRdHEL P

Total 10 14  

Gender     0.6785

Male 7 (70) 8 (57)  

Female 3 (30) 6 (43)  

Age     0.6968

≤60 6 (60) 7 (50)  

>60 4 (40) 7 (50)  

T     0.0589

t1 0 (0) 0 (0)  

t2 0 (0) 3 (21)  

t3 4 (40) 7 (50)  

t4 6 (60) 4 (29)  

N     0.2685

n0 1 (10) 5 (36)  

n1 3 (30) 3 (21)  

n2 1 (10) 1 (7)  

n3 5 (50) 5 (36)  

M     —

m0 10 (100) 14 (100)  

m1 0 (0) 0 (0)  

Stage     0.0619

I 0 (0) 2 (14)  

II 2 (20) 5 (36)  

III 7 (70) 7 (50)  

IV 1 (10) 0 (0)  

High m6A‐indication (WRdHEL) was compared with low m6A‐indication 
(WRdLEH). Statistics were performed with Fisher's exact test or Chi‐square test.
Abbreviation: MS, mass‐spectrum.

T A B L E  2   The correlation between triple‐stratification (WRE) of 
m6A signatures and clinical indexes in TCGA cohort

TCGA WRdLEH WRdHEL P

Total 29 30  

Gender     0.7925

Male 18 (62) 17 (57)  

Female 11 (38) 13 (43)  

Age     0.0391

≤60 11 (38) 4 (13)  

>60 18 (62) 26 (87)  

Lauren     0.0006

Diffuse 13 (45) 2 (7)  

Intestinal 13 (45) 26 (86)  

Others 3 (10) 2 (7)  

T     0.0342

t1 0 (0) 3 (10)  

t2 4 (14) 6 (20)  

t3 20 (69) 9 (30)  

t4 5 (17) 9 (30)  

n/a 0 (0) 3 (10)  

N     0.4169

n0 10 (34) 9 (30)  

n1 4 (14) 4 (13)  

n2 4 (14) 7 (23)  

n3 11 (38) 5 (17)  

n/a 0 (0) 5 (17)  

M     1.0000

m0 27 (93) 26 (86)  

m1 2 (7) 2 (7)  

n/a 0 (0) 2 (7)  

Stage     0.4578

I 3 (10) 6 (20)  

II 11 (38) 6 (20)  

III 13 (45) 9 (30)  

IV 2 (7) 2 (7)  

n/a 0 (0) 7 (23)  

High m6A indication (WRdHEL) was compared with low m6A indication 
(WRdLEH). Statistics were performed with Fisher's exact test or Chi‐square test.
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(Figure 4B), giving hint that m6A may negatively affect GC 
cells’ invasiveness. Among the seven regulators, by weighing 
each genes’ abundance and mechanistic details in modulating 
m6A modification, we selected METTL14, YTHDF1, and 
FTO, respectively, as the representative writer, reader and 
eraser for following in vitro experiments.

Expressions of these three genes were effectively re-
pressed by two individual siRNA sequences (Figure 4C), 
and the most effective sequences were used for further 
analysis. The impact of regulators on m6A modification 
was investigated. In HGC‐27, ratio of m6A modification 
in total RNA was downregulated by METTL14 knock-
down, upregulated by FTO knockdown and unaffected 
by YTHDF1 knockdown (Figure 4D), verifying the fact 
that writers promote while erasers suppress m6A modi-
fication, also emphasizing that the degree of m6A mod-
ification could be represented by combination of W/R/E 
signatures. Phenotypically, proliferation of HGC‐27 cell 
was enhanced by METTL14 knockdown or repressed by 
FTO knockdown, while knockdown of YTHDF1 exerted 
minimal impacts on proliferation (Figure 4E). Similar to 
proliferation, GC cells’ migration and invasion capabilities 
were strengthened by METTL14 knockdown or inhibited 
by FTO knockdown, yet largely unaffected by YTHDF1 
knockdown (Figure 4F).

3.5  |  m6A antagonizes Wnt and PI3K‐
Akt signaling

Among m6A regulators, readers (YTHDF1) seemed to be the 
least effective category in inducing phenotypical changes. 
As a consequence, we selected only the representative mol-
ecules for writers (METTL14) and erasers (FTO) to assess 
the signaling pathways previously predicted to be related to 
m6A modification. In line with GSEA results, Wnt (marked 
by β‐catenin/Axin1 expression and Ser9‐GSK‐3β phospho-
rylation) and PI3K‐Akt (marked by Ser473‐Akt and Ser235‐
S6 phosphorylation) signaling were activated by METTL14 
knockdown (Figure 5A), or inhibited by FTO knockdown 
(Figure 5B). Conversely, expression of E‐cadherin (CDH1) 
was downregulated by METTL14 knockdown, or upregu-
lated by FTO knockdown in HGC‐27 and MGC803 cells 
(Figure 5A,B). As a tumor suppressive factor and a marker 
for epithelial phenotype, E‐cadherin changes elicited by 
METTL14/FTO knockdown were in line with the activation/
inhibition of Wnt/PI3K‐Akt pathways.

Since results from investigating two distinct m6A regu-
lators were in consistent (ie, proliferation/invasiveness and 
Wnt/PI3K‐Akt signaling were enhanced by knockdown of 
m6A writer gene METTL14, or suppressed by knockdown 
of m6A eraser gene FTO), it is reasonable to believe that the 

F I G U R E  3   Functional prediction of m6A signatures in gastric cancer. (A) DEGs were generated by comparing patients harboring high‐m6A 
signatures with patients harboring low‐m6A signatures (W‐high vs W‐low, R‐high vs R‐low, E‐high vs E‐low), then numerated and plotted as Venn 
diagrams. (B) H1 and C6 gene sets were enriched between WRdHEL (highest m6A‐indication) and WRdLEH (lowest m6A‐indication) groups in 
WRE triple‐stratifications. The six gene sets with the highest enrichment scores (EMT, Wnt, PI3K‐Akt‐mTOR, TGF‐β, Hedgehog, Hypoxia) were 
displayed. DEGs, differentially expressed genes; EMT, epithelial‐mesenchymal transition; NES, normalized enrichment score
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F I G U R E  4   Reduced m6A enhanced proliferation and invasiveness in GC cells. (A) Proportions of m6A modification in total‐RNA and (B) 
migration capabilities of GC cell lines HGC‐27, MGC803 and MKN45 were assessed. (C) Respective changes of METT14, FTO and YTHDF1 
protein expressions in HGC‐27 and MGC803 after being knocked‐down by siRNA. (D) m6A proportions in total‐RNA and (E) proliferation rates 
of HGC‐27 after METT14, FTO or YTHDF1 knockdown were displayed. (F) Migration and invasion capabilities of HGC‐27 and MGC803 after 
METT14, FTO or YTHDF1 knockdown were assessed. *, P < 0.05. ns, not significant. GC, gastric cancer
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carcinogenic phenotypes and activated signaling were more 
likely to be controlled by regulator‐mediated m6A changes, 
rather than directly by m6A regulator genes. Taken together, 
m6A modification plays a tumor suppressive role in GC, 
probably through repressing Wnt and PI3K‐Akt signaling. 
Considering the correlation between mutations and low 
m6A‐indication signatures, the content and functions of m6A 
in GC might be impaired by specific mutations. An m6A 
related network in regulating GC progression was outlined 
(Figure 5C).

3.6  |  m6A modification was potentially 
correlated with immunotherapy features and 
interferon signaling

Immunotherapy is currently one the most promising ap-
proaches for anti‐cancer treatment.27,28 Due to that tumor 
mutation burden (TMB), microsatellite instability (MSI), 
and Epstein‐Barr virus (EBV) were recognized as mark-
ers for cancer immunotherapy, we investigated m6A regu-
lators’ correlations with these parameters (Figure 1A,B). 
Expressions of all m6A regulators were insignificantly dif-
fered upon EBV infection, while writers or readers were 
largely irrelevant to TMB or MSI status. Nevertheless, 
TMB level and MSI ratio were significant higher in pa-
tients with low expressions of ALKBH5, FTO, or E sig-
nature (Figure S4A,B), suggesting m6A modification was 
positively correlated with TMB/MSI status, and might be 
involved in immune responses of GC.

Recent studies pointed out that m6A modification hin-
ders cellular response to virus infection by repressing type 

I interferon synthesis.29,30 Since interferons were also  re-
ported tightly related to tumor microenvironment, immune 
checkpoints, and immunotherapy responses,31 we explored 
m6A’s impact on interferon signaling of GC. We performed 
m6A‐based enrichment analysis for interferon related gene 
sets. Type I interferon, interferon α/β and interferon γ sig-
naling gene sets displayed negative trends of enrichment in 
high‐m6A stratifications (WHEL, RHEL, WHRH, WRdHEL) 
(Figure S4C). For verification, we testified the expressions of 
IFNs and ISG15 mRNAs in siRNA‐treated cells with qPCR. 
Transcript levels of IFNA/IFNB/IFNG/ISG15 were upregu-
lated by METTL14/YTHDF1 knockdown in both AGS and 
HGC27 cells (Figure S4D). While according to ELISA assay, 
the levels of secreted interferon α/β/γ proteins in HGC27 were 
slightly upregulated by METTL14/YTHDF1 knockdown, or 
downregulated by FTO knockdown (Figure S4E), which was 
in accordance with the findings of Winkler et al.29 Since in-
terferons exerted dual functions in mediating cancer immu-
nity, m6A may modulate immune responses of GC through 
repressing interferon production (Figure 5C). However, due 
to the illegibility of current data, whether RNA m6A modifi-
cation regulates interferon/immune response of GC remains 
to be validated, and m6A’s linkage with immunotherapy de-
served further investigation.

4  |   DISCUSSION

Methylation plays important roles in multiple biological and 
pathological processes, including cancer. Methylation was 
conventionally recognized to modulate DNA unwinding and 

F I G U R E  5   Reduced m6A activated Wnt and PI3K‐Akt signaling in GC cells. After (A) METTL14 or (B) FTO knockdown, changes of 
major components in Wnt and PI3K‐Akt pathways were assessed by western blot. (C) A hypothetical outline of m6A’s roles in GC progression 
through its interactions with upstream or downstream signaling networks. GC, gastric cancer
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transcription, while with the understanding of epigenetic 
control deepened, the cognition of methylation on nucleic 
acid has been expanded from DNA to RNA. As the most 
prevalent epigenetic modification on eukaryotic RNA, m6A 
is specified by the methylation of adenosine and is controlled 
by writers, readers, and erasers. The degree of m6A modi-
fication is enhanced by writers or reduced by erasers, while 
despite that readers do not directly influence m6A level, they 
recognize and exert the effects of m6A modifications. RNA 
m6A modification has been reported to influence carcino-
genesis particularly in AML and glioblastoma, yet its roles 
in regulating GC carcinogenesis and progression remained 
to be elucidated. In this study, by combining DNA, RNA, 
and protein‐based omics study and in vitro experiments, we 
assessed the expressions of writers/readers/erasers and their 
implications in GC.

With the advance of research, the panel of genes reported 
to be involved in m6A regulation was in rapid expansion.32,33 
Considering the roles of other emerging genes in modulating 
m6A has not been well characterized yet, only the seven canon-
ical regulators (METTL3, METTL14, YTHDF1, YTHDF2, 
YTHDF3, ALKBH5, FTO) were included in our study. Since 
the clinicopathological relevance of the seven m6A regulators 
on single gene level were statistically insignificant, they were 
functionally categorized and merged as W, R, and E signatures 
to better represent expressions of writers, readers, and erasers. 
Our analysis in both protein (MS) and mRNA (TCGA) data-
sets suggested that writers and readers were tumor suppressive 
while erasers play a tumorigenic role in GC, however, con-
troversial roles of METTL3/YTHDF2 in other cancer types 
were reported. METTL3 was found highly expressed in hepa-
tocellular cancer (HCC), whose overexpression elicited HCC 
growth and lung metastasis via modulating level of SOCS2 
in a YTHDF2‐dependent manner.10 Furthermore, METTL14 
displayed higher methyltransferase activity than METTL3 in 
vitro.6,7 As a consequence, although the positive correlation 
with favorable clinical indications and prognosis implicated 
both METTL3/METTL14’s tumor suppressive role in GC, 
METTL14, instead of METTL3, was selected as the represen-
tative writer for in vitro verifications. Due to similar reason, 
YTHDF1 was selected as the representative reader instead 
of YTHDF2. Furthermore, according to our MS cohort, the 
protein level of FTO was much higher than ALKBH5 in GC 
tissues, thus we chose FTO over ALKBH5 as the representa-
tive eraser. Elisa assay performed specifically on RNA exhib-
ited that m6A level was reduced by knockdown of METTL14 
and enhanced by knockdown of FTO, validating the changes 
of m6A modification can be reflected by alterations of m6A 
regulators. Since readers recognize the writer‐imprinted m6A 
and transduce signals, we classified high‐expressions of W or/
and R, along with low expressions of E, as symbols for aug-
mented m6A effects despite that YTHDF1 knockdown elic-
ited minimal changes to m6A level.

Analysis in MS and TCGA cohort demonstrated that the 
correlations of W with clinicopathological features (progno-
sis/TNM/stage) were opposite to E (WHEL displayed signifi-
cantly improved outcome than WLEH) and were strengthened 
by R (WHRH displayed significantly improved outcome than 
WLRL), while WRE triple‐stratification augmented the di-
versity (WRdHEL displayed significantly improved outcome 
than WRdLEH). This consistency that writers and readers 
shared argued for the notion that they were both indicators 
for high‐m6A, and m6A plays a tumor suppressive role in 
GC. Importantly, results acquired from analyzing MS data 
(DNA and protein) were in accordance with results from 
TCGA data (DNA and RNA), while m6A consistently pre-
dicted favorable prognosis in both diffuse and intestinal 
GC, supporting the notion that disturbed expression of m6A 
regulators was a common phenomenon in GC and exerted 
similar clinicopathological functions across different GC 
subtypes.

Tumor mutation burden and MSI ratio were specifically 
higher in patients expressing low eraser genes/signatures, 
yet more evidences are required to elucidate their mecha-
nistic correlation with m6A. Since TMB and MSI has been 
considered as instructive features for anti‐cancer immuno-
therapy, m6A’s impacts and implications on immune check-
points, microenvironments and tumor immune response in 
GC deserve further exploration.34,35 Interferons belong to the 
cytokine family and were originally recognized as promis-
ing agents against infection and cancer, nonetheless, recent 
studies demonstrated that type I/II interferons also impaired 
body's defense against cancer and facilitated tumor growth 
by stimulating diverse interferon‐stimulated genes.31,36 
Interferons accelerated invasiveness of certain types of can-
cer, and promoted their resistance to NK (natural killer) 
cells.37 Interferons directed the up‐regulation of checkpoint 
molecule PD‐L1 and immunosuppressive metabolite IDO 
in tumor/myeloid cells, thereby establishing a microenvi-
ronment that compromise the effectiveness of anti‐tumor T 
cells and induced resistance to immunotherapy.37-39 Winkler 
and colleagues demonstrated that deletion of METTL3 
(m6A writer) and YTHDF2 (reader) stabilized the mRNA of 
IFNB,29 while Rubio et al reported that depleting METTL14 
(writer)/ALKBH5 (eraser) increased/reduced IFNB mRNA 
production, respectively.30 Our work also indicated that type I 
(α, β) and type II (γ) interferons might be negatively regulated 
by RNA m6A methylation, thus we inferred that RNA m6A 
modification may participate in the formation of GC’s tumor 
microenvironment and responses to immunotherapy through 
mediating repressions of interferon signaling. Nevertheless, 
it is noteworthy that m6A’s linkage with interferons were in-
ferior to PI3K‐Akt or Wnt pathways as shown by both in sil-
ico and in vitro experiments, suggesting that m6A may share 
indirect connections with interferons. Considering the two‐
faced role of interferons in cancerous immunity, the mutual 
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relationships and crosstalk between RNA m6A modification 
and interferons demand verification and exploration.

In GC cell lines, levels of m6A were evidently repressed 
under METTL14 or enhanced under FTO knockdown, while 
proliferation and migration/invasion changed oppositely to 
m6A levels, verifying that m6A antagonizes GC malignancy. 
Since m6A level was largely unaffected by YTHDF1 knock-
down, it is reasonable that as signal transducers, readers 
(YTHDF1) were less prominent in affecting proliferation or 
invasiveness changes than writers. As a consequence, only 
writer and eraser (represented by METTL14 and FTO, re-
spectively)’s impacts to GSEA‐predicted pathways were fur-
ther investigated by western blot assay. As shown by vitro 
investigations, Wnt and PI3K‐Akt pathways were activated 
by METTL14 knockdown and repressed by FTO knock-
down; on the contrary, E‐cadherin was downregulated by 
METTL14 knockdown or upregulated by FTO knockdown. 
The fact that loss of METTL14 elicited opposite phenotypical 
and molecular changes to loss of FTO proved that writers and 
erasers are functionally complementary in GC, thus it can be 
ruled out that m6A regulators influence malignancy via addi-
tional mechanisms other than regulating m6A. Nonetheless, 
the molecular events controlled by m6A modification require 
following elucidation.

Although GC does not carry as much Wnt signaling‐re-
lated mutations as intestinal cancer (~80%), certain genetic 
alterations are frequently observed in GC.40-43 PI3K‐Akt 
signaling is inappropriately altered and activated by various 
genetic abnormalities, including mutations (PIK3CA), over-
expression or amplifications (PIK3CA, AKT1, MET), and 
loss of suppressors (PTEN).44 As a major constituent of cell 
adhesion machinery, E‐cadherin (CDH1) is also prevalently 
found deregulated or mutated in GC, which is more frequently 
observed in diffuse than in intestinal subtypes.45,46 Apart 
from mutation or expression abnormalities, Wnt, PI3K‐Akt 
as well as E‐cadherin are tightly controlled by DNA meth-
ylation. Recent studies demonstrated that epigenetic activa-
tion of Wnt signaling (marked by enhanced β‐catenin and 
silent RNF43) is prevalently observed in multiple types of 
cancer.47-49 Reduced methylation of PTEN CpG islands sup-
presses, while hyper‐methylation of PTEN CpG islands stim-
ulates PI3K‐Akt signaling.50,51 Methylation of CDH1 CpG 
islands also increases in malignant tissues and contributes to 
tumorigenesis.52,53 Nevertheless, RNA methylation is merely 
reported to be involved with these pathways. To the best of 
our knowledge, it is the first time to reveal that RNA m6A 
modification impacts Wnt/PI3K‐Akt signaling and expres-
sion of E‐cadherin. Wnt and PI3K‐Akt signaling as well as 
their downstream networks control the majority of cancer 
hallmarks, including cell cycle, proliferation, survival, motil-
ity, angiogenesis, and drug resistance.54,55 Conversely, strong 
anti‐metastatic roles of E‐cadherin were reported in multiple 
types of cancer, while patients carrying CDH1 mutations or 

loss of E‐cadherin expression displayed poor survival than 
non‐mutated patients.56,57 Membrane β‐catenin links E‐cad-
herin to the cytoskeleton as an integral structural of adher-
ence junctions, while activation of Wnt signaling breaks the 
anchorage and promotes the accumulation of β‐catenin in nu-
cleus, thus activating a series of signaling cascades and elic-
iting EMT.43,58 PI3K‐Akt signaling also induces E‐cadherin 
downregulation via mTOR or MAPK cascade.59 Due to the 
fact that Wnt/PI3K‐Akt signaling cascades are tightly linked 
to each other and both promote EMT by downregulating E‐
cadherin, we hypothesized that high‐invasiveness phenotypes 
under low m6A‐indications were induced via Wnt‐ and/or 
PI3K‐Akt‐dependent E‐cadherin inhibition, probably reg-
ulated by loss of m6A on Wnt/PI3K‐Akt signaling compo-
nents.56,60 However, the existence of this hypothetic signaling 
axis remains to be verified, and whether m6A regulates E‐
cadherin expression through other molecules/pathways (such 
as TGF‐β, hedgehog, and hypoxia) also deserves further 
exploration.

Among genomic aberrances, mutations of CDH1, AR, 
CLI3, SETBP1, RHOA, MUC6, and TP53 were more fre-
quently observed in low m6A‐indication groups. Although 
specific mutations on CDH1 does disrupt splicing, reduce 
the protein half‐life and impair the functions of E‐cadherin, 
molecular and pathological implications of the p.D254Y mis-
sense mutation majorly observed in low‐m6A GC patients 
remains uncategorized and unreported.61,62 Opposite to the 
tumor‐suppressive E‐cadherin, AR (Androgen receptor) 
drives carcinogenesis by boosting Wnt/β‐catenin signaling, 
whose activating mutations and amplification are specifically 
more abundant in prostate cancer.63,64 GLI3 is a transcription 
factor that negatively modulates hedgehog signaling, yet its 
role in GC remains unclear.65 SETBP1 forms a heterodimer 
with SET protein and inhibited the tumor suppressive func-
tions of PP2A, SETBP1 mutation is detected in AML and 
non‐small cell lung cancer, which generally blocks its ubiq-
uitination and elicits abnormal high expression.66-68 RHOA is 
a GTPases that influences multiple biological processes, up-
regulation of RHOA is associated with tumorigenesis, while 
instead of intestinal subtype, RHOA mutation is specifically 
identified in diffuse subtype of GC.69,70 MUC6 encodes a se-
cretory mucin and protects gastric mucosa, whose reduction 
inclines chronic mucosal injury and promotes carcinogen-
esis. Ratio of driver mutations on MUC6 is higher in MSI 
than MSS GC.70-72 Notably, apart from TP53, none of these 
mutated genes has been reported to be associated with m6A. 
In AML patients, mutations and CNVs of m6A regulators are 
associated with the presence of TP53 mutations.18 Now that 
epigenetic modifications are unlikely to induce genomic al-
terations, we inferred that changes of m6A regulators as well 
as corresponding molecular/phenotypical events in GC were 
elicited by upstream mutations, probably through activation 
of cancer driver genes or loss of tumor suppressor genes.
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In conclusion, we inferred that GC progression might be 
preferentially promoted by m6A‐loss‐mediated activation 
of oncogenic signaling (such as Wnt and PI3K‐Akt), or by 
m6A‐gain‐mediated repression of tumor suppressive sig-
naling. As the first attempt to systemically elucidate m6A’s 
clinicopathological role in GC, our work provides insights 
into the tumor suppressive function of m6A and its potential 
molecular mechanisms. However, m6A’s relationship with 
specific gene mutations, other oncogenic pathways and its 
functional details in controlling tumorigenesis/progression 
merit further investigation.

ACKNOWLEDGMENTS

We deeply appreciate Drs. Like Qu and Zuhua Chen (Peking 
University Cancer Hospital & Institute) for kind suggestions, 
Drs. Yanyan Li, Xiaojuan Wang and Congcong Ji (Peking 
University Cancer Hospital & Institute) for generous help 
in performing experiments during this study. This work was 
supported by the National Key Research and Development 
Program of China (No. 2017YFC1308900), the National 
Natural Science Foundation of China (No. 81802327) and 
China Postdoctoral Science Foundation (No. 2018M631281).

CONFLICT OF INTEREST

The authors report no conflicts of interest.

DATA AVAILABILITY STATEMENT

The data that support the findings of this study are openly 
available in TCGA (https​://portal.gdc.cancer.gov/) and refer-
ence number.25

ORCID

Cheng Zhang   https://orcid.org/0000-0002-1290-8855 
Lin Shen   https://orcid.org/0000-0003-1134-2922 

REFERENCES

	 1.	 Panneerdoss S, Eedunuri VK, Yadav P, et al. Cross‐talk among 
writers, readers, and erasers of m(6)A regulates cancer growth and 
progression. Sci Adv. 2018;4(10):eaar8263.

	 2.	 Yue Y, Liu J, He C. RNA N6‐methyladenosine methylation in 
post‐transcriptional gene expression regulation. Genes Dev. 
2015;29(13):1343‐1355.

	 3.	 Geula S, Moshitch‐Moshkovitz S, Dominissini D, et al. Stem cells. 
m6A mRNA methylation facilitates resolution of naive pluripo-
tency toward differentiation. Science. 2015;347(6225):1002‐1006.

	 4.	 Wang X, Lu Z, Gomez A, et al. N6‐methyladenosine‐de-
pendent regulation of messenger RNA stability. Nature. 
2014;505(7481):117‐120.

	 5.	 Liu J, Yue Y, Han D, et al. A METTL3‐METTL14 complex me-
diates mammalian nuclear RNA N6‐adenosine methylation. Nat 
Chem Biol. 2014;10(2):93‐95.

	 6.	 Wang Y, Li Y, Toth JI, Petroski MD, Zhang Z, Zhao JC. N6‐meth-
yladenosine modification destabilizes developmental regulators in 
embryonic stem cells. Nat Cell Biol. 2014;16(2):191‐198.

	 7.	 Liu N, Dai Q, Zheng G, He C, Parisien M, Pan T. N(6)‐methylad-
enosine‐dependent RNA structural switches regulate RNA‐protein 
interactions. Nature. 2015;518(7540):560‐564.

	 8.	 Batista PJ, Molinie B, Wang J, et al. m(6)A RNA modification con-
trols cell fate transition in mammalian embryonic stem cells. Cell 
Stem Cell. 2014;15(6):707‐719.

	 9.	 Schwartz S, Agarwala SD, Mumbach MR, et al. High‐resolution 
mapping reveals a conserved, widespread, dynamic mRNA meth-
ylation program in yeast meiosis. Cell. 2013;155(6):1409‐1421.

	10.	 Chen M, Wei L, Law CT, et al. RNA N6‐methyladenosine meth-
yltransferase‐like 3 promotes liver cancer progression through 
YTHDF2‐dependent posttranscriptional silencing of SOCS2. 
Hepatology. 2018;67(6):2254‐2270.

	11.	 Zhao X, Yang Y, Sun BF, et al. FTO‐dependent demethylation of 
N6‐methyladenosine regulates mRNA splicing and is required for 
adipogenesis. Cell Res. 2014;24(12):1403‐1419.

	12.	 Gerken T, Girard CA, Tung YC, et al. The obesity‐associated FTO 
gene encodes a 2‐oxoglutarate‐dependent nucleic acid demethy-
lase. Science. 2007;318(5855):1469‐1472.

	13.	 Fischer J, Koch L, Emmerling C, et al. Inactivation of the Fto gene 
protects from obesity. Nature. 2009;458(7240):894‐898.

	14.	 Zheng G, Dahl JA, Niu Y, et al. ALKBH5 is a mammalian RNA 
demethylase that impacts RNA metabolism and mouse fertility. 
Mol Cell. 2013;49(1):18‐29.

	15.	 Zhang C, Samanta D, Lu H, et al. Hypoxia induces the breast can-
cer stem cell phenotype by HIF‐dependent and ALKBH5‐medi-
ated m(6)A‐demethylation of NANOG mRNA. Proc Natl Acad Sci 
USA. 2016;113(14):E2047‐2056.

	16.	 Zhang C, Zhi WI, Lu H, et al. Hypoxia‐inducible factors regulate 
pluripotency factor expression by ZNF217‐ and ALKBH5‐me-
diated modulation of RNA methylation in breast cancer cells. 
Oncotarget. 2016;7(40):64527‐64542.

	17.	 Muller S, Glass M, Singh AK, et al. IGF2BP1 promotes SRF‐de-
pendent transcription in cancer in a m6A‐ and miRNA‐dependent 
manner. Nucleic Acids Res. 2018;47:375‐390.

	18.	 Kwok CT, Marshall AD, Rasko JE, Wong JJ. Genetic alterations of 
m(6)A regulators predict poorer survival in acute myeloid leuke-
mia. J Hematol Oncol. 2017;10(1):39.

	19.	 Barbieri I, Tzelepis K, Pandolfini L, et al. Promoter‐bound 
METTL3 maintains myeloid leukaemia by m(6)A‐dependent 
translation control. Nature. 2017;552(7683):126‐131.

	20.	 Vu LP, Pickering BF, Cheng Y, et al. The N(6)‐methyladenos-
ine (m(6)A)‐forming enzyme METTL3 controls myeloid differ-
entiation of normal hematopoietic and leukemia cells. Nat Med. 
2017;23(11):1369‐1376.

	21.	 Li Z, Weng H, Su R, et al. FTO plays an oncogenic role in acute 
myeloid leukemia as a N(6)‐methyladenosine RNA demethylase. 
Cancer Cell. 2017;31(1):127‐141.

	22.	 Zhang C, Chen Y, Sun B, et al. m(6)A modulates haema-
topoietic stem and progenitor cell specification. Nature. 
2017;549(7671):273‐276.

	23.	 Zhang S, Zhao BS, Zhou A, Lin K, Zheng S, Lu Z, et al. m(6)A 
demethylase ALKBH5 maintains tumorigenicity of glioblastoma 

https://portal.gdc.cancer.gov/
https://orcid.org/0000-0002-1290-8855
https://orcid.org/0000-0002-1290-8855
https://orcid.org/0000-0003-1134-2922
https://orcid.org/0000-0003-1134-2922


4780  |      ZHANG et al.

stem‐like cells by sustaining FOXM1 expression and cell prolifer-
ation program. Cancer Cell. 2017;31(4):591‐606.e596.

	24.	 Cui Q, Shi H, Ye P, et al. m(6)A RNA methylation regulates the 
self‐renewal and tumorigenesis of glioblastoma stem cells. Cell 
Rep. 2017;18(11):2622‐2634.

	25.	 Ge S, Xia X, Ding C, et al. A proteomic landscape of diffuse‐type 
gastric cancer. Nat Commun. 2018;9(1):1012.

	26.	 Dominissini D, Moshitch‐Moshkovitz S, Schwartz S, et al. 
Topology of the human and mouse m6A RNA methylomes re-
vealed by m6A‐seq. Nature. 2012;485(7397):201‐206.

	27.	 Moreira A, Gross S, Kirchberger MC, Erdmann M, Schuler G, 
Heinzerling L. Senescence markers—predictive for response to 
checkpoint inhibitors. Int J Cancer. 2018;144:1147‐1150.

	28.	 Dyck L, Mills K. Immune checkpoints and their inhibition in can-
cer and infectious diseases. Eur J Immunol. 2017;47(5):765‐779.

	29.	 Winkler R, Gillis E, Lasman L, et al. m(6)A modification con-
trols the innate immune response to infection by targeting type 
I interferons. Nat Immunol. 2019;20(2):173‐182. 110.1038/
s41590-41018-40275-z

	30.	 Rubio RM, Depledge DP, Bianco C, Thompson L, Mohr I. RNA 
m(6) A modification enzymes shape innate responses to DNA by 
regulating interferon beta. Genes Dev. 2018;32(23–24):1472‐1484. 
1410.1101/gad.319475.319118.

	31.	 Minn AJ, Wherry EJ. Combination cancer therapies with immune 
checkpoint blockade: convergence on interferon signaling. Cell. 
2016;165(2):272‐275. 210.1016/j.cell.2016.1003.1031

	32.	 Meyer KD, Jaffrey SR. Rethinking m(6)A readers, writers, and 
erasers. Annu Rev Cell Dev Biol. 2017;33:319‐342.

	33.	 Patil DP, Pickering BF, Jaffrey SR. Reading m(6)A in the 
transcriptome: m(6)A‐binding proteins. Trends Cell Biol. 
2018;28(2):113‐127.

	34.	 Le DT, Uram JN, Wang H, et al. PD‐1 blockade in tumors with mis-
match‐repair deficiency. N Engl J Med. 2015;372(26):2509‐2520.

	35.	 Singh PP, Sharma PK, Krishnan G, Lockhart AC. Immune check-
points and immunotherapy for colorectal cancer. Gastroenterol 
Rep. 2015;3(4):289‐297.

	36.	 Osaki LH, Bockerstett KA, Wong CF, et al. Interferon‐gamma di-
rectly induces gastric epithelial cell death and is required for pro-
gression to metaplasia. J Pathol. 2019;247(4):513‐523. 510.1002/
path.5214

	37.	 Zaidi MR, Merlino G. The two faces of interferon‐gamma in can-
cer. Clin Cancer Res. 2011;17(19):6118‐6124. 6110.1158/1078-
0432.CCR-6111-0482

	38.	 Alspach E, Lussier DM, Schreiber RD. Interferon γ and its im-
portant roles in promoting and inhibiting spontaneous and ther-
apeutic cancer immunity. Cold Spring Harb Perspect Biol. 
2019;11(3):a028480. 028410.02110​1/cshpe​rspect.a028480

	39.	 Mimura K, Teh JL, Okayama H, et al. PD‐L1 expression is mainly 
regulated by interferon gamma associated with JAK‐STAT path-
way in gastric cancer. Cancer Sci. 2018;109(1):43‐53. https​://doi.
org/10.1111/cas.13424​

	40.	 Cervantes A, Rodriguez Braun E, Perez Fidalgo A, Chirivella 
GI. Molecular biology of gastric cancer. Clin Transl Oncol. 
2007;9(4):208‐215.

	41.	 Cancer Genome Atlas Research N. Comprehensive molec-
ular characterization of gastric adenocarcinoma. Nature. 
2014;513(7517):202‐209.

	42.	 Katona BW, Rustgi AK. Gastric cancer genomics: advances and fu-
ture directions. Cell Mol Gastroenterol Hepatol. 2017;3(2):211‐217.

	43.	 Pai P, Rachagani S, Dhawan P, Batra SK. Mucins and Wnt/beta‐
catenin signaling in gastrointestinal cancers: an unholy nexus. 
Carcinogenesis. 2016;37(3):223‐232.

	44.	 Wadhwa R, Song S, Lee JS, Yao Y, Wei Q, Ajani JA. Gastric 
cancer‐molecular and clinical dimensions. Nat Rev Clin Oncol. 
2013;10(11):643‐655.

	45.	 Shimoyama Y, Hirohashi S. Expression of E‐ and P‐cadherin in 
gastric carcinomas. Can Res. 1991;51(8):2185‐2192.

	46.	 Shiozaki H, Tahara H, Oka H, et al. Expression of immunoreactive 
E‐cadherin adhesion molecules in human cancers. Am J Pathol. 
1991;139(1):17‐23.

	47.	 Saghafinia S, Mina M, Riggi N, Hanahan D, Ciriello G. Pan‐cancer 
landscape of aberrant DNA methylation across human tumors. Cell 
Rep. 2018;25(4):1066‐1080.e8.

	48.	 Korshunov A, Sahm F, Zheludkova O, et al. DNA‐methylation 
profiling is a method of choice for molecular verification of pe-
diatric WNT activated medulloblastomas. Neuro‐Oncology. 
2019;21:214‐221.

	49.	 Brosch M, Kattler K, Herrmann A, et al. Epigenomic map of 
human liver reveals principles of zonated morphogenic and meta-
bolic control. Nat Commun. 20189(1):4150.

	50.	 Kumar P, Raeman R, Chopyk DM, et al. Adiponectin inhibits he-
patic stellate cell activation by targeting the PTEN/AKT pathway. 
Biochim Biophys Acta Mol Basis Dis. 2018;1864(10):3537‐3545.

	51.	 Zhu L, Yan F, Wang Z, et al. Genome‐wide DNA methylation pro-
filing of primary colorectal laterally spreading tumors identifies 
disease‐specific epimutations on common pathways. Int J Cancer. 
2018;143(10):2488‐2498.

	52.	 Kanai Y, Ushijima S, Tsuda H, Sakamoto M, Hirohashi S. Aberrant 
DNA methylation precedes loss of heterozygosity on chromo-
some 16 in chronic hepatitis and liver cirrhosis. Cancer Lett. 
2000;148(1):73‐80.

	53.	 Nass SJ, Herman JG, Gabrielson E, et al. Aberrant methylation 
of the estrogen receptor and E‐cadherin 5' CpG islands increases 
with malignant progression in human breast cancer. Can Res. 
2000;60(16):4346‐4348.

	54.	 Fruman DA, Rommel C. PI3K and cancer: lessons, challenges and 
opportunities. Nat Rev Drug Discovery. 2014;13(2):140‐156.

	55.	 Zhan T, Rindtorff N, Boutros M. Wnt signaling in cancer. 
Oncogene. 2017;36(11):1461‐1473.

	56.	 Timmermans‐Sprang EP, Gracanin A, Mol JA. High basal Wnt 
signaling is further induced by PI3K/mTor inhibition but sensitive 
to cSRC inhibition in mammary carcinoma cell lines with HER2/3 
overexpression. BMC Cancer. 2015;15:545.

	57.	 Wong S, Fang CM, Chuah LH, Leong CO, Ngai SC. E‐cadherin: 
Its dysregulation in carcinogenesis and clinical implications. Crit 
Rev Oncol/Hematol. 2018;121:11‐22.

	58.	 Valenta T, Hausmann G, Basler K. The many faces and functions 
of beta‐catenin. EMBO J. 2012;31(12):2714‐2736.

	59.	 Lau MT, So WK, Leung PC. Fibroblast growth factor 2 induces E‐
cadherin down‐regulation via PI3K/Akt/mTOR and MAPK/ERK 
signaling in ovarian cancer cells. PLoS ONE. 2013;8(3):e59083.

	60.	 Huang TS, Li L, Moalim‐Nour L, et al. A regulatory network in-
volving beta‐catenin, e‐cadherin, PI3k/Akt, and slug balances 
self‐renewal and differentiation of human pluripotent stem cells in 
response to Wnt signaling. Stem Cells. 2015;33(5):1419‐1433.

	61.	 Melo S, Figueiredo J. Predicting the functional impact of CDH1 
missense mutations in hereditary diffuse gastric cancer. Int J Mol 
Sci. 2017;18(12):2687.

110.1038/s41590-41018-40275-z
110.1038/s41590-41018-40275-z
1410.1101/gad.319475.319118
210.1016/j.cell.2016.1003.1031
510.1002/path.5214
510.1002/path.5214
6110.1158/1078-0432.CCR-6111-0482
6110.1158/1078-0432.CCR-6111-0482
028410.021101/cshperspect.a028480
https://doi.org/10.1111/cas.13424
https://doi.org/10.1111/cas.13424


      |  4781ZHANG et al.

	62.	 Sanches JM, Figueiredo J, Fonseca M, et al. Quantification of mu-
tant E‐cadherin using bioimaging analysis of in situ fluorescence 
microscopy. a new approach to CDH1 missense variants. Eur J 
Hum Genet. 2015;23(8):1072‐1079.

	63.	 Song H, Yu Z, Sun X, et al. Androgen receptor drives hepato-
cellular carcinogenesis by activating enhancer of zeste homo-
log 2‐mediated Wnt/beta‐catenin signaling. EBioMedicine. 
2018;35:155‐166.

	64.	 Quigley DA, Dang HX, Zhao SG, et al. Genomic hallmarks 
and structural variation in metastatic prostate cancer. Cell. 
2018;174(3):758‐769.e759.

	65.	 Akyala AI, Peppelenbosch MP. Gastric cancer and Hedgehog 
signaling pathway: emerging new paradigms. Genes Cancer. 
2018;9(1–2):1‐10.

	66.	 Saika M, Inoue D, Nagase R, et al. ASXL1 and SETBP1 mutations 
promote leukaemogenesis by repressing TGFbeta pathway genes 
through histone deacetylation. Sci Rep. 2018;8(1):15873.

	67.	 Trimarchi T, Ntziachristos P, Aifantis I. A new player SETs in my-
eloid malignancy. Nat Genet. 2013;45(8):846‐847.

	68.	 Coudray N, Ocampo PS, Sakellaropoulos T, et al. Classification and 
mutation prediction from non‐small cell lung cancer histopathol-
ogy images using deep learning. Nat Med. 2018;24(10):1559‐1567.

	69.	 Zhang S, Tang Q, Xu F, et al. RhoA regulates G1‐S progression of 
gastric cancer cells by modulation of multiple INK4 family tumor 
suppressors. Mol Cancer Res. 2009;7(4):570‐580.

	70.	 Wang K, Yuen ST, Xu J, et al. Whole‐genome sequencing and 
comprehensive molecular profiling identify new driver mutations 
in gastric cancer. Nat Genet. 2014;46(6):573‐582.

	71.	 Zheng H, Takahashi H, Nakajima T, et al. MUC6 down‐regulation 
correlates with gastric carcinoma progression and a poor prog-
nosis: an immunohistochemical study with tissue microarrays. J 
Cancer Res Clin Oncol. 2006;132(12):817‐823.

	72.	 Kwon JA, Lee SY, Ahn EK, et al. Short rare MUC6 minisatellites‐5 
alleles influence susceptibility to gastric carcinoma by regulating 
gene. Hum Mutat. 2010;31(8):942‐949.

SUPPORTING INFORMATION

Additional supporting information may be found online in 
the Supporting Information section at the end of the article.     

How to cite this article: Zhang C, Zhang M, Ge S, et 
al. Reduced m6A modification predicts malignant 
phenotypes and augmented Wnt/PI3K‐Akt signaling 
in gastric cancer. Cancer Med. 2019;8:4766–4781.  
https​://doi.org/10.1002/cam4.2360

https://doi.org/10.1002/cam4.2360
https://doi.org/10.1002/cam4.2360

