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Graphical Abstract

FTO elevation in Epstein‒Barr virus-associated GC contributes to favourable
prognosis in patients.
FTO restrains tumour metastasis and aggressiveness in EBVaGC by down-
regulating FOS in an m6A-dependent manner.
The m6A readers IGF2BP1/2 bind FOS nascent transcripts and maintain FOS
mRNA stability.
Targeting the FTO⊣FOS/ IGF2BP1/2 axis renders a promising strategy for GC
therapy.
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Abstract
Background: Epstein‒Barr virus-associated gastric cancer (EBVaGC) is
regarded as a distinct molecular subtype of GC, accounting for approximately
9% of all GC cases. Clinically, EBVaGC patients are found to have a significantly
lower frequency of lymph node metastasis and better prognosis than uninfected
individuals. RNA N6-methyladenosine (m6A) modification has an indispens-
able role in modulating tumour progression in various cancer types. However,
its impact on EBVaGC remains unclear.
Methods: Methylated RNA immunoprecipitation sequencing (MeRIP-seq)
and m6A dot blot were conducted to compare the m6A modification levels
between EBVaGC and EBV-negative GC (EBVnGC) cells. Western blot, real-
time quantitative PCR (RT-qPCR) and immunohistochemistry were applied
to explore the underlying mechanism of the reduced m6A modification in
EBVaGC. The biological function of fat mass and obesity-associated protein
(FTO) was determined in vivo and in vitro. The target genes of FTO were
screened by MeRIP-seq, RT-qPCR and Western blot. The m6A binding proteins
of target genes were verified by RNA pulldown and RNA immunoprecipi-
tation assays. Chromatin immunoprecipitation and Luciferase report assays
were performed to investigate the mechanism how EBV up-regulated FTO
expression.
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Results:M6A demethylase FTO was notably increased in EBVaGC, leading to a
reduction in m6A modification, and higher FTO expression was associated with
better clinical outcomes. Furthermore, FTO depressed EBVaGC cell metastasis
and aggressiveness by reducing the expression of target gene AP-1 transcrip-
tion factor subunit (FOS). Methylated FOS mRNA was specifically recognized
by the m6A ‘reader’ insulin-like growth factor 2 mRNA binding protein 1/2
(IGF2BP1/2), which enhanced its transcripts stability. Moreover, MYC activated
by EBV in EBVaGC elevated FTO expression by binding to a specific region of
the FTO promoter.
Conclusions: Mechanistically, our work uncovered a crucial suppressive role
of FTO in EBVaGC metastasis and invasiveness via an m6A-FOS-IGF2BP1/2-
dependent manner, suggesting a promising biomarker panel for GC metastatic
prediction and therapy.
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1 INTRODUCTION

Gastric cancer (GC) is the fifth most common malig-
nancy globally and the fourth leading cause of cancer
death.1 Considering the histological heterogeneity of
GC, The Cancer Genome Atlas (TCGA) divided it into
four subtypes according to a molecular classification
in 2014, and one of the distinct molecular subtypes,
Epstein‒Barr virus-associated gastric cancer (EBVaGC),
named due to EBV infection in GC cells, comprises
approximately 9% of all GC cases.2-4 EBV, also known as
human herpesvirus 4, is widespread among the human
population, with over 90% of adults establishing life-long
latent infection. EBVaGC belongs to latency I and II and
constitutively expresses latent gene products, such as
EBV-encoded small RNAs (EBERs), EBV nuclear antigen
1 (EBNA1) and latent membrane protein 2A (LMP2A).5-9
Furthermore, EBVaGC often shows a molecular profile
including PIK3CA mutation, DNA hypermethylation,
JAK2, PD-L1 and PD-L2 gene amplification, and the
clinicopathological features of EBVaGC are male dom-
inance and proximal stomach susceptibility.10-12 More
importantly, compared with EBV-negative GC (EBVnGC)
patients, infected individuals tend to have a significantly
lower incidence of lymph node metastasis and favourable
clinical outcomes.13-16 Therefore, exploring the underlying
mechanism that drives the lower frequency of GC metas-
tasis after EBV infection will provide novel therapeutic
targets for GC treatment and may be beneficial for the
prognostic prediction of GC patients.
N6-methyladenosine (m6A)modificationhas been iden-

tified as the most enriched internal transcriptional mod-

ification in eukaryotic cells and mainly consists of
m6A methyltransferases (also called writers), such as
METTL3, METTL14 and WTAP, demethylases (also called
erasers), such as FTO and ALKBH5, and m6A bind-
ing proteins (also called readers), including YTHDF1/2/3,
YTHDC1/2 and IGF2BP1/2/3.17–21 Growing evidence indi-
cates that dysregulated m6A modification is associated
with tumour proliferation, differentiation, invasion and
metastasis in various human cancers.18,22,23 In our previ-
ous study, methyltransferase-like 3 (METTL3) facilitated
colorectal carcinoma (CRC) progression through increas-
ing SOX2 expression to maintain the CRC stemness
phenotype in an m6A-IGF2BP2-dependent machinery.24
Moreover, other studies found that METTL14 signifi-
cantly elevated the target gene miRNA126 by positively
modulating the pri-miRNA126 process, thereby playing a
tumour-suppressor role in hepatocellular carcinoma and
eventually inhibiting tumour invasion and metastasis.25,26
These results highlight the functional importance of the
m6A modification regulatory mode in different tumours,
which is a promising novel direction of tumour ther-
apy. However, little is currently known regarding the
roles and regulatory mechanisms of m6A modification in
EBVaGC progression.
Here, we first detected that the m6A demethylase Fat

mass and obesity-associated protein (FTO) was highly
expressed in EBVaGC cells, leading to the down-regulation
of m6A modification, and increased FTO expression was
correlated with favourable prognosis in EBVaGC patients.
Additionally, we demonstrated the suppressive role of
FTO in EBVaGC invasiveness and metastasis by repress-
ing the expression of its downstream target gene AP-1
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transcription factor subunit (FOS). Insulin-like growth fac-
tor 2 mRNA binding protein 1/2 (IGF2BP1/2) was found to
promote FOS transcript stability and prolong its half-life.
Furthermore,we verified that the transcription factorMYC
activated by EBV induced the transcriptional activity and
expression of FTO in EBVaGC. Overall, our study revealed
the significance of FTO-FOS-IGF2BP1/2 as a prospective
biomarker panel for GC metastatic prediction and eluci-
dated the regulatory mechanism of the reduced metastasis
in EBVaGC from the perspective of epigenetics.

2 MATERIALS ANDMETHODS

2.1 Tumour tissues and patient
information

Tissue specimens in this work were collected from GC
patients undergoing radical surgery at Sun Yat sen Univer-
sity Cancer Center (SYSUCC), which included a total of
331 paraffin-embedded samples divided into 159 EBVaGC
specimens and 160 EBVnGC samples. Of these, fresh
frozen tumour tissueswere available in 138 cases, including
73 EBVaGC samples for RNA sequencing (RNA-seq) (62
of which were used for real-time quantitative polymerase
chain reaction (RT-qPCR) analysis), and 65 EBVnGC tis-
sues for RT-qPCR analysis. The clinical information of the
patients was obtained frommedical records and is summa-
rized in Table S1. The EBV infection status of the enrolled
patients was determined by in situ hybridization of EBERs.
The study was approved by our Institutional Research
Ethics Committee (number: GZR2020-237).

2.2 Cell lines and cell culture

The EBVnGC cell line AGS was originally obtained from
the American Type Culture Collection (ATCC, Rockville,
MD, USA), and the EBVaGC cell lines AGS B95.8 and
AGS AKATA were kindly provided by Professor Janet
E. Mertz (University of Wisconsin-Madison, USA). All
the cells were maintained in Ham’s F12 (C11765500BT,
Gibco) medium with 10% foetal bovine serum (085-
150, Wisent) and 1% penicillin/streptomycin (450-201-
EL, Wisent) at 37◦C in a 5% CO2 cell culture incuba-
tor. AGS B95.8 cells were cultured with an additional
100 µg/mL of Hygromycin B (HY-B0490, MCE) and AGS
AKATA cells supplemented with 400 µg/mL of G418
(HY-17561, MCE). All cells were authenticated by short
tandem repeat fingerprinting at the Medicine Lab of the
Forensic Medicine Department of Sun Yat-sen Univer-
sity (Guangzhou, China) and were tested negatively for
mycoplasma contamination before use.

2.3 In vivo tumorigenesis and
metastasis models

All female B-NDGmice (4–5 weeks old) used in this study
were purchased fromBiocytogen JiangSu Co., Ltd. To eval-
uate the tumorigenic effect of FTO, FTO knockdown or
control AGS B95.8 cells (1 × 107 suspended in 150 µL of
PBS) were subcutaneously injected into the flanks of B-
NDG mice. The diameter and width of the tumours were
measured every 4 days and used to estimate the tumour
volumes by the standard formula: 0.5 × length × width2.
At the end stage, the tumours were removed, imaged and
weighed.
To investigate the peritoneal dissemination ability of

EBVaGC cells, intraperitoneal injection was performed.
Briefly, 1 × 107 FTO silencing or control EBVaGC cells sus-
pended in 0.4 mL of PBS were injected into the peritoneal
cavity of each mouse. Eight weeks later, all the mice were
sacrificed, and the abdominal and intestinal metastatic
nodules were excised, counted, photographed and paraffin
embedded.
For the lung metastasis model, 200 µL of 1 × 106

luciferase-labelled EBVaGC cells from different groups
were directly injected into the tail vein of B-NDG mice,
and distant and lung metastasis were evaluated using bio-
luminescent imaging. After 6 or 8 weeks, the mice were
euthanized, and the lungs were embedded in paraffin and
subjected to haematoxylin and eosin (H&E) staining to
record the micrometastatic nodules using a microscope.
All animal experiments were approved by our Institutional
Animal Care.

2.4 RNA interference, lentivirus and
plasmid transfection

Small interfering RNAs (siRNAs) targeting FTO, FOS,
IGF2BP1, IGF2BP2 and MYC were synthesized by Ribo-
Bio (Guangzhou, China) and were then transfected using
Lipofectamine RNAiMAX (13778150, Invitrogen) follow-
ing the manufacturer’s protocol. The lentiviruses for FTO
overexpression and short hairpin RNAs (shRNAs) were
purchased from OBiO Technology (Shanghai, China). GC
cells were infected by lentiviruses with 5 µg/mL polybrene
and selected with 3 µg/mL puromycin (S7417, Selleck) for
1 week. All the sequences of siRNAs and shRNAs are
listed in Table S2. Moreover, an N-terminal Flag-tagged
FTO overexpression wild-type (WT) plasmid, FTO dou-
ble mutant (H231A/D233A) plasmid, FOS overexpression
plasmid, Flag-tagged expression vectors for MYC overex-
pression and luciferase reporter plasmids containing the
FTO promoterWT or deletionmutant were constructed by
OBiO Technology. The plasmids were transduced into the
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cells using ViaFect Transfection Reagent (E4982, Promega)
according to standard procedures.

2.5 m6A dot blot

Total RNA was extracted with TRIzol reagent (15596018,
Invitrogen) following the manufacturer’ protocol. RNA
samples were denatured at 95◦C for 3 min and then
placed on ice immediately. The samples were loaded
onto an Amersham Hybond-N+ membrane (RPN303B,
GE Healthcare) before UV cross-linking. Whereafter, the
membranewas blockedwith 5%nonfatmilk in PBSTbuffer
for 1 h, while the loading control membrane was stained
with .02% methylene blue (HY-14536, MCE) at room tem-
perature. The experimental membrane was subsequently
incubated with m6A antibody overnight at 4◦C and visu-
alized by Pierce ECL Plus Western Blotting Substrate
(Thermo Fisher Scientific, Waltham, USA) after incuba-
tion with HRP-conjugated goat anti-rabbit IgG for 1 h at
room temperature.

2.6 RNA stability assay

EBVaGC cells of different groups were plated onto 12-well
plates overnight and treated with actinomycin D (ActD)
(S8964, Selleck) at a final concentration of 10 µg/mL. Cells
were then collected at 0, 15, 30 and 45 min after treated
by ActD. Total RNA was extracted by TRIzol reagent and
analysed using qPCR. The FOSmRNA expression for each
group at the indicated timewas normalized to β-Actin. The
mRNA half-life was determined by linear regression anal-
ysis, and the percent mRNA remaining was plotted using
Prism 8.0 software (GraphPad Software, CA, USA).

2.7 Methylated RNA
immunoprecipitation qPCR (MeRIP-qPCR)

The level of m6Amodification of transcripts was evaluated
by methylated RNA immunoprecipitation (MeRIP)-qPCR
assay. More than 50 µg of total RNA was sheared into
approximately 100-nt-long fragments by RNA fragmen-
tation reagents (AM8740, Invitrogen), and approximately
1/10 of the RNAwas conserved as the input control for fur-
ther qPCR analysis. Pierce Protein A/G Magnetic Beads
(88803, Thermo Scientific) were prewashed, and then,
5 µg of anti-m6A antibody (202003, Synaptic Systems) or
anti-IgG antibody was added and incubated with gentle
rotation at 4◦C for 2 h. After washing, the beads were
mixed with the RNA fragments in 1× immunoprecipita-
tion buffer on a rotator at 4◦C overnight, and proteinase

K buffer was used to digest the antibody. The methylated
mRNAs were precipitated with 5 mg of glycogen and 3 M
sodium acetate in 100% ethanol at −80◦C overnight and
subsequently reverse transcribed into cDNA. Finally, m6A
enrichment in RNA samples was calculated by qPCR anal-
ysis and normalized to the input. The primers used are
listed in Table S3.

2.8 RNA pulldown assay

RNA was first transcribed in vitro using the MEGAscript
T7 Transcription Kit (AM1334, Invitrogen) and then end-
labelled with desthiobiotin using the Pierce RNA 3′ End
DesthiobiotinylationKit (20163, Invitrogen). Subsequently,
an RNA pulldown assay was conducted using the Pierce
Magnetic RNA-Protein Pull-Down Kit (20164, Invitrogen)
following the suppliers’ instructions. Concisely, up to
50 pmol of biotinylated RNA was mixed with 2 mg of pro-
tein lysates and 50 µL of prewashed streptavidin beads.
After incubation for 1 h at 4◦C and three washes, the strep-
tavidin beads were heated with 50 µL of elution buffer, and
the retrieved protein was used for western blotting assays.

2.9 m6Amotif prediction and m6A
mutation assay

The potential m6A modification sites were predicted by
analysing the MeRIP sequencing (MeRIP-seq) data and
applying the online tool SRAMP (http://www.cuilab.cn/
sramp/). For the m6A mutation assay, full-length FOS
transcripts, the FOS CDS region, the FOS three prime
untranslated region (3′-UTR), and the m6A motif-deleted
CDS and 3′-UTR regionswere cloned into pcDNA3.1 estab-
lished by OBiO Technology (Shanghai, China) and further
used for the RNA pulldown assay. The special sequences
are summarized in Table S4.

2.10 Chromatin immunoprecipitation
assay

Chromatin immunoprecipitation (ChIP) assays were per-
formed using a Magnetic Bead ChIP kit (17-10085, Merck
Millipore) according to the manufacturer’s protocol. A
total of 1 × 107 cells were collected and cross-linked using
1% formaldehyde. The lysates were then sonicated to
shear DNA to sizes of 200–500 bp, and equal aliquots of
isolated chromatin were incubated with 5 µg of anti-MYC
antibody or anti-IgG antibody. The DNA fragments inter-
acting with MYC or the negative control were isolated
for further analysis, and finally, qPCR and nuclear acid

http://www.cuilab.cn/sramp/
http://www.cuilab.cn/sramp/
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electrophoresis assays were carried out to explore the
MYC-binding site on the FTO promoter regions. The
primers used are shown in Table S3.

2.11 Luciferase reporter assay

The luciferase activities were determined via the Dual-
Luciferase Reporter Assay System (E1910, Promega). In
brief, EBVaGC cells were cotransfected with Renilla as
an internal control, luciferase reporter plasmids FTO
promoter WT or deletion mutant in combination with
MYC plasmid or MYC siRNA using Lipofectamine 3000
(L3000015, Invitrogen). The luciferase activities were then
detected according to the manufacturer’s instructions.

2.12 Statistical analysis

All in vitro experiments were performed three times or
more, and data are presented as the mean± standard devi-
ation. A two-tailed Student’s t test was used to analyse the
differences between two independent groups, while multi-
group comparisons were determined by two-way analy-
sis of variance. For survival analysis, the Kaplan‒Meier
method and the log-rank test were carried out. Pearson’s
correlation analysis and the chi-square test were con-
ducted to evaluate the correlations between two variables.
The data were analysed using GraphPad Prism 8.0 (Graph-
Pad Software, CA, USA). The indicated p values (*p< 0.05,
** p < 0.01 and ***p < 0.001) were considered to be
statistically significant.

3 RESULTS

3.1 FTO is up-regulated in EBVaGC and
associated with good prognosis

To detect the changes in RNA m6A modification in
EBVaGC cells, we firstly identified the existence of virus in
the EBVnGC cell lineAGS and twoEBVaGC cell lines, AGS
B95.8 and AGS AKATA. The EBV-specific genes includ-
ing EBNA1 and LMP2A were expressed in EBV-positive
but not in EBV-negative GC cells (Figure S1A). MeRIP-
seq and RNA-seq between EBVaGC and EBVnGC cells
were then performed, and the analysis showed that there
were 14,721 (80.0%) hypomethylated m6A peaks and 3,674
(20.0%) hypermethylated m6A peaks in AGS B95.8 and
AGS AKATA cells compared to AGS cells (Figure 1A),
which indicated that the m6A peaks were generally down-
regulated in GC cells with EBV infection. We further
evaluated the actual m6A modification between EBVaGC

and EBVnGC using a m6A dot blot assay. Consistent
with the sequencing results, m6A modification was sig-
nificantly reduced in AGS B95.8 and AGS AKATA cells
compared with AGS cells (Figure 1B), and the decreased
m6A abundance was also verified in the EBVaGC speci-
mens compared to the EBVnGC specimens (Figure S1B),
possibly due to the decrease of m6Awriters or the increase
of erasers in EBVaGC.
To explore the underlying mechanism of m6A modifi-

cation reduction in EBVaGC, we investigated the expres-
sion of m6A methyltransferases (METTL3, METTL14 and
WTAP) and demethylases (FTO and ALKBH5) between
EBVaGC and EBVnGC cells. The qPCR results indicated
that only FTO transcripts were increased in EBVaGC cells,
but not for other m6Awriters or erasers (Figure 1C). More-
over, the protein levels of m6A methyltransferases and
FTO were higher in EBVaGC cells than in EBVnGC cells
(Figure 1D). Further validation showed that FTO was ele-
vated in EBVaGC tumour tissues from the SYSUCC cohort,
whereas the other demethylaseALKBH5 andm6Amethyl-
transferases all remainedunchanged (Figure 1E andFigure
S1C) (clinicopathological information is summarized in
Table S1). These data suggested that high expression of
FTO may lead to a reduction of m6A modification in
EBVaGC.
To identify the clinical implication of FTO in GC, we

selected archived EBVaGC and EBVnGC tissue sections
from SYSUCC for FTO IHC staining (Figure S1D). As
expected, the overall FTO staining score of EBVaGC tis-
sues was higher than that of EBVnGC tissues (Figure 1F).
Moreover, EBVaGC patients had longer overall survival
than EBVnGC patients, and the prognosis of EBVaGC or
EBVnGC patients with higher FTO expression was also
better (Figure 1G–I). The above results suggested that
the m6A demethylase FTO was significantly elevated in
EBVaGC and might be a potential prognostic indicator for
GC patients.

3.2 FTO restrains EBVaGC cell
migration and invasion in vitro

The expression discrepancy of FTO prompted us to inves-
tigate its function and role in the progression of EBVaGC.
We firstly constructed stable FTO-overexpressing and
FTO-knockdown AGS B95.8 and AGS AKATA cell lines
(Figure S2A,B). A series of experiments were conducted to
verify the effect of FTO on migration, invasion and prolif-
eration in EBVaGC. Themetastatic ability of EBVaGC cells
was obviously promoted after FTO deficiency; conversely,
ectopic expression of FTO impaired cell migration in
EBVaGC cells, as shown by wound healing and transwell
migration assays (Figure 2A,B and Figure S2C,D). Similar
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F IGURE 1 FTO is up-regulated in EBVaGC and associated with good prognosis. (A) Bar plot showing the distribution of methylation
levels of dysregulated m6A peaks in EBVaGC cells (AGS B95.8 and AGS AKATA) compared with EBVnGC cells (AGS) with a fold-change
≥1.2. (B) RNA m6A dot blot assays using total RNA of EBVaGC and EBVnGC cells. Methylene blue (MB) staining served as a loading control.
(C and D) Real-time PCR analysis (C) and immunoblotting assay (D) of m6A methyltransferase (METTL3, METTL14 and WTAP) and

(Continues)
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F IGURE 1 (Continued)
demethylase (FTO and ALKBH5) expressions in EBVaGC cells and EBVnGC cells. (E) Real-time quantitative PCR (RT-qPCR) analysis of
mRNA expression of FTO and ALKBH5 in EBVaGC (n = 62) and EBVnGC tumour samples (n = 65) from the Sun Yat-sen University Cancer
Center (SYSUCC) cohort. (F) Immunohistochemistry (IHC) staining scores of FTO expression in EBVaGC (n = 159) and EBVnGC tumour
tissues (n = 160) from the SYSUCC cohort. (G) Kaplan–Meier analysis of overall survival (OS) in GC patients from SYSUCC according to EBV
status. (H and I) Kaplan–Meier analysis of OS in EBVaGC patients (H) and EBVnGC patients (I) with different FTO expression levels from the
SYSUCC cohort. The FTO level was categorized as ‘high’ and ‘low’ based on the median score (median score = 95) in EBVaGC tumour tissues
and the median score (median score = 30) in EBVnGC tumour tissues. The data in (C, E and F) are presented as the means ± SDs. p-Values
were determined by Student’s t test (C, E and F) and calculated by Kaplan–Meier analysis with the log-rank test (G–I). *p < 0.05; **p < 0.01;
***p < 0.001. Vinculin was used as a loading control.

results were also observed in the cell invasion assay
(Figure 2C and Figure S2E). Moreover, we detected that
EBV infection in GC cells significantly decreased the
expressions of β-catenin, ZEB1 and Slug (Figure 2D), all
of which are epithelial-mesenchymal transition (EMT)-
related markers. In addition, we found that FTO silencing
in EBVaGC cells effectively enhanced the protein levels
of these EMT-related markers (Figure 2E and Figure
S2F), and FTO deletion successfully promoted EMT
through inducing the disruption of cell–cell junctions
and spindle-like appearance EBVaGC cells (Figure S2G),
which implied that FTO was indispensable for repress-
ing the metastatic potential of EBVaGC cells. However,
intriguingly, the MTT assay showed that FTO had no
influence on the growth of EBVaGC cells (Figure S2H).
We presumed that FTO suppressed EBVaGC cell metas-

tasis in an m6A-dependent pattern. To verify our suppose,
a double mutant FTO plasmid named FTOH231A/D233A

was constructed (Figure 2F and Figure S2I), which com-
pletely aborted m6A demethylation activity according to
previous reports.27–29 Correspondingly, m6A levels were
dramatically increased in EBVaGC cells with the catalytic
mutant FTO relative to wild-type cells (Figure 2G), and the
cell migration assay showed that the m6A demethylation
activity of FTO is indispensable for its role in inhibiting
migrated ability of EBVaGC cells (Figure 2H and Figure
S2J). Together, these results revealed that FTO overexpres-
sion dampened EBVaGC cell metastatic capacity via m6A
mechanisms in vitro.

3.3 FTO suppressed EBVaGC cell
metastasis in vivo

To assess the effect of FTO levels on tumour metastasis
in vivo, we conducted two metastasis models, an abdom-
inal transferred carcinoma model and a lung metastasis
model. The data showed that FTO knockdown obviously
promoted tumour cell metastasis in the abdominal and
intestinal walls after peritoneal injection of EBVaGC cells
(Figure 3A,B). Moreover, luciferase-labelled EBVaGC cells
overexpressing and silencing FTO were injected through

the tail vein of B-NDGmice. After 6 weeks compared with
the control group, FTO deficiency remarkably enhanced
EBVaGC cell distant metastasis, as shown by biolumi-
nescence imaging, and increased the number and size of
lung metastatic nodules (Figure 3C,D and Figure S3A,B).
Oppositely, FTO overexpression in AGS B95.8 cells inhib-
ited distant metastasis, and these cells formed few lung
metastatic lesions (Figure 3E,F). Considering that FTO
showed no effect on tumour cell proliferation in vitro
(Figure S2G), we applied a B-NDG mouse subcutaneous
xenograft model to verify its function in vivo and found
that there was no significant difference in the tumour
growth rate and tumourweight after FTOdown-regulation
in AGS B95.8 cells (Figure S3C–E). Thus, our results
indicated that FTO is critical for suppressing tumour
metastatic potential in vivo.

3.4 FOS is a functionally critical
downstream target of FTO in EBVaGC
metastasis

To investigate the mechanism by which FTO regulates
the progression of EBVaGC, we next performed MeRIP-
seq and RNA-seq in AGS B95.8 cells with or without FTO
overexpression. Based on the whole sequencing results,
there were 8221 hypomethylated m6A peaks in EBVaGC
cells compared to EBVnGC cells, named EBV-related hypo
peaks. Similarly, the data showed that 5335 hypomethy-
lated m6A peaks were observed in FTO-overexpressing
AGS B95.8 cells versus control cells and were called FTO-
related hypo peaks. Overlapping the peaks in these two
groups, we noted that 1222 specific peaks, correspond-
ing to 982 genes, were obtained (Figure 4A). We then
discovered that the shared genes were most enriched
in the tumour necrosis factor (TNF) signalling pathway,
in which these genes included CSF1, TNFRSF1A, FOS,
MAPK3, TRADD, MAP2K4, CREB1, ITCH, TNFAIP3,
MAPK14 and TRAF3, according to Kyoto Encyclopedia of
Genes and Genomes pathway analysis (Figure 4B). Subse-
quently, an RT‒qPCR analysis showed that the candidate
genes FOS and ITCH were both regulated by FTO at the
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F IGURE 2 FTO restrains EBVaGC cell migration and invasion in vitro. (A) Wound healing assays of AGS B95.8 cells with FTO silencing
and FTO overexpression were recorded and quantitatively analysed. Scale bar: 200 µm. (B and C) Images and quantification of cell migration
(top) and invasion (bottom) assays of FTO-knockdown and FTO-overexpressing EBVaGC cells. Scale bar: 200 µm. (D) Western blotting
analysis was used to detect EMT markers (β-Catenin, ZEB1, Slug) in EBVaGC and EBVnGC cells. (E) The protein levels of EMT markers

(Continues)
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F IGURE 2 (Continued)
(β-Catenin, ZEB1, Slug) in AGS B95.8 cells after FTO deficiency were measured using immunoblotting. (F) Western blotting assay of FTO in
AGS B95.8 cells overexpressing wild-type and catalytic mutant FTO. (G) RNA m6A dot blot assay of wild-type and catalytic mutant
FTO-overexpressing AGS B95.8 cells. MB staining served as a loading control. (H) The migration ability of AGS B95.8 cells overexpressing
wild-type and catalytic mutant FTO was determined (left), and the cell migration assay results were quantitatively analysed (right). Scale bar:
200 µm. The data in (A–C and H) are presented as the means ± SDs. p-Values were determined by Student’s t test. *p < 0.05; **p < 0.01;
***p < 0.001. Vinculin was included as a loading control.

transcriptional level (Figure 4C,D and Figure S4A), and
further verification showed that only the FOS protein
level was negatively correlated with FTO expression using
western blotting analysis (Figure S4B and Figure 4E).
Moreover, an IHC staining assay was conducted to explore
the correlation between FTO and FOS in vivo and revealed
that silencing FTO elevated FOS expression in tumour
tissues (Figure 4F).
Known as the AP-1 transcription factor subunit, FOS

encodes leucine zipper proteins that dimerise with Jun
family proteins, thus forming the AP-1 transcription factor
complex. Consequently, FOS is considered to be involved
in cell proliferation, migration, invasion, differentiation,
apoptosis and transformation.30–33 Previous studies have
reported that FOS participates in tumour metastasis by
upregulating the expression of EMT-related markers as
a transcription factor.34–39 Subsequently, we analysed the
RNA-seq data of the indicated cells through single-sample
gene set enrichment analysis (ssGSEA) and found that
FOS expression exhibited a positive correlation with EMT
enrichment scores (Figure 4G). Therefore, we speculated
that FTO suppressed EBVaGCmetastasis by impairing the
expression of the target gene FOS. To test this hypoth-
esis, FOS was overexpressed in EBVaGC cells and was
detected to apparently expedite cell migration (Figure
S4C,D and Figure 4H). Furthermore, we established
simultaneous FTO and FOS knockdown or overexpres-
sion in EBVaGC cells. MMP9 and Vimentin, known as
EMT-related markers, have been reported to be FOS
downstream target genes.34,40 Immunoblotting and cell
migration assays showed that FOS deletion dramatically
reduced the protein levels of MMP9 and Vimentin and
dampened EBVaGC cell migration, and FOS knockdown
reversed the enhanced effect of cell migration due to FTO
deficiency (Figure 4I,J and Figure S4E,F). Similarly, the
ectopic expression of FOS in FTO-overexpressing EBVaGC
cells notably elevated these EMT biomarkers expression
and accelerated cell metastasis (Figure 4K,L and Figure
S4G,H). In summary, these data indicated that FOS was
the downstream target gene of FTO, and FTO restrained
EBVaGC metastasis through the downregulation of FOS
expression.

3.5 FOS is regulated by FTO-dependent
m6A demethylation

M6A often occurs in an RRACH (R = G or A, H = A,
C or U) conserved sequence. The MeRIP-seq results indi-
cated that canonical RRACH m6A motifs were present in
FOS transcripts in EBVaGCandEBVnGC cells (Figure 5A).
The above results have shown that FTO delays EBVaGC
cell metastatic progression relying on m6A modification,
and FOS was identified as an essential substrate of FTO
affecting metastasis. To explore the potential mechanism
by which FTO regulates FOS, we firstly predicted the m6A
modification sites on FOSmRNA according to the MeRIP-
seq data and SRAMP (http://www.cuilab.cn/sramp/) and
divided them into five regions, labelled region 1 to region
5, due to their close position (Figure 5B). As shown by
MeRIP-qPCR and RNA stability assays, the m6A abun-
dances of FOSwere increased, and the FOSmRNA lifespan
was prolonged in GC cells without EBV infection (Figure
S5A,B). We next verified the m6A modification of FOS
mRNA using a MeRIP-qPCR assay in EBVaGC cells. The
data demonstrated that these predicted regions of FOS
mRNA were credibly regions modified with m6A modifi-
cation (Figure 5C and Figure S5C); meanwhile, the m6A
levels of regions 1, 2, 4 and 5 were obviously increased in
EBVaGC cells with FTO depletion (Figure 5D and Figure
S5D). We then speculated that the m6A-regulation axis
enhances FOS transcript expression through maintaining
mRNA stability and reducing its degradation. Consistent
with our hypothesis, FOS mRNA expression was gradu-
ally increased, and FOS mRNA lifespan was consistently
prolonged upon FTO deletion in EBVaGC cells (Figure 5E
and Figure S5E), which suggested that FTO inhibited FOS
mRNA expression by damaging the mRNA stability of
FOS.
To further confirm the function of FTO by m6A

demethylase activity, we assessed the mRNA expression
and protein level of FOS in EBVaGC cells transfected with
wild-type and H231A/D233A-mutant FTO plasmids. The
data illustrated that FOS protein and transcript expres-
sions were merely downregulated in FTO wild-type cells
(Figure 5F,G and Figure S5F). In parallel, MeRIP-qPCR

http://www.cuilab.cn/sramp/
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F IGURE 3 FTO suppressed EBVaGC cell metastasis in vivo. (A) Abdominal and intestinal metastatic nodules of the FTO knockdown
and control groups (n = 9 per group) were photographed (top), and haematoxylin and eosin (H&E) staining was performed (bottom). Scale
bar: 500 µm. (B) Metastatic numbers of AGS B95.8 (left) and AGS AKATA (right) cells were recorded. (C) Bioluminescence imaging of the
B-NDG mouse lung metastasis model with shFTO#1 and shNC luciferase-labelled AGS B95.8 cells at day 0, day 1 and week 6 (n = 9 per
group). (D) Representative specimen and H&E staining photographs (left) of lung metastatic nodules from B-NDG mice injected with
FTO-knockdown and control AGS B95.8 cells via the tail vein, and lung metastatic nodules under a microscope were recorded (right). Scale
bar: 200 µm. (E) Representative luciferase imaging of the B-NDG mouse lung metastatic model in the FTO-overexpressing (FTO) and empty
vector (EV) groups at day 0, day 1 and week 8 (n = 9 per group). (F) Representative specimen and H&E staining photographs (left) of the
metastatic nodules in the lung, and lung metastatic nodules were recorded (right). Scale bar: 200 µm. The data in (B, D and F) are presented
as the means ± SDs. p-Values were determined by Student’s t test. *p < 0.05; **p < 0.01; ***p < 0.001.
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F IGURE 4 FOS is a functionally critical downstream target of FTO in EBVaGC metastasis. (A) Venn diagram illustrating the shared
peaks between EBV-related hypo peaks and FTO-related hypo peaks. A total of 1222 shared peaks corresponding to 982 specific genes were
obtained. (B) Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analysis of the above 982 specific genes, and the enriched top five
enriched pathways were the TNF signalling pathway, Adherens junction, Basal transcription factors, Fanconi anaemia pathway and

(Continues)
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F IGURE 4 (Continued)
Homologous recombination. (C and D) The RT-qPCR assay was performed to assess mRNA expression of the shared genes in the TNF
signalling pathway (CSF1, TNFRSF1A, FOS, MAPK3, TRADD, MAP2K4, CREB1, ITCH, TNFAIP3, MAPK14 and TRAF3) with FTO
knockdown (C) and FTO overexpression (D) in AGS B95.8 cells. (E) Western blotting analysis of FOS and ITCH protein levels in
FTO-knockdown (left) and FTO-overexpressing (right) AGS B95.8 cells. (F) Representative H&E and IHC images of FTO and FOS expression
in FTO-deficient and control AGS B95.8 cell-induced xenograft tumours (top). Scale bar: 200 µm. Quantification of FOS expression (bottom)
in the FTO knockdown and control groups (n = 9 per group). (G) Scatterplot showing the correlation between FOS expression level and the
enrichment scores of EMT pathway obtained from single sample gene set enrichment analysis (ssGSEA) using the RNA-seq data of AGS, AGS
B95.8, FTO-overexpressing AGS B95.8 and control cells. (H) Images of the cell migration assay of FOS-overexpressing (FOS) versus empty
vector (EV) AGS B95.8 (left) and AGS AKATA (right) cells. Scale bar: 200 µm. (I) Western blotting assay of FTO, FOS, MMP9 and Vimentin
protein levels in AGS B95.8 cells transfected with siNC, siFTO#1, siFOS#1 and siFTO#1 + siFOS#1. (J) Representative images (left) and
quantification (right) of the transwell migration assay of AGS B95.8 cells with siNC, siFTO#1, siFOS#1 and siFTO#1 + siFOS#1. (K)
Immunoblotting assays were conducted to detect FTO, FOS, MMP9 and Vimentin expression in AGS B95.8 cells with EV, FTO, FOS and FTO
+ FOS. (L) Images (left) and quantification (right) of the cell migration assay of AGS B95.8 cells with EV, FTO, FOS and FTO + FOS. Scale bar:
200 µm. The data in (C, D, F, J and L) are presented as the means ± SDs. p-Values were determined by Student’s t test. *p < 0.05; **p < 0.01;
***p < 0.001. Vinculin was included as a loading control.

validation showed that the m6A level of FOS was visi-
bly elevated in EBVaGC cells with FTO-mutated plasmids
relative to the FTO wild-type group (Figure 5H). Further-
more, FB23-2 has been previously reported to be a potent
small-molecule inhibitor against FTO, selectively sup-
pressing its m6A demethylase activity.41–43 After EBVaGC
cells were treated with 5, 10 and 15 µM FB23-2 for 24 h,
FTO mRNA expression was naturally decreased, and FOS
transcript levels were markedly increased (Figure S5G and
Figure 5I). In addition, we observed that the FOS mRNA
decay rate was slower with FB23-2 treatment (Figure 5J),
and the accelerated FOS mRNA decay rate was detected
in the FTO wild-type group but not in the FTOH231A/D233A

mutant group compared with the normal control group
(Figure 5K). Taken together, these results indicated that
FTO inhibited FOS expression by impairing its mRNA sta-
bility and shortening its half-life in an m6A-dependent
manner.

3.6 IGF2BP1/2 promotes FOS transcript
stability via binding its m6A-modified
mRNA

The function of m6A modification in regulating down-
stream gene expression is conducted mainly by m6A
‘readers’, such as the YT521-B homology (YTH) domain-
containing family (YTHDF1/2/3, YTHDC1/2) and the
insulin-like growth factor 2 mRNA binding protein
(IGF2BP) family (IGF2BP1/2/3).44–47 We used an RNA
pulldown assay to identify the FOS-related m6A readers,
and the data showed that IGF2BP1 and IGF2BP2, but not
other readers, could specifically bind the FOS full-length
transcripts in AGS B95.8 cells (Figure 6A). Subsequently,
the direct binding of IGF2BP1/2 and FOS transcripts was
confirmed again in EBVaGC cells (Figure S6A), and we

found that the binding was remarkably dampened once
the m6A motif was absent (Figure 6B and Figure S6B).
Moreover, the RIP assay also demonstrated the interac-
tion between the IGF2BP1/2 protein and FOS mRNA in
EBVaGC cells (Figure 6C and Figure S6C), and the bind-
ing of IGF2BP1/2 and FOS was significantly strengthened
after FTO deficiency (Figure 6D and Figure S6D). In 62
EBVaGC tumour tissues from the SYSUCC cohort, FOS
expression was detected to be positively correlated with
IGF2BP1/2 expression (Figure 6E), suggesting an under-
lying positive regulatory mechanism. As expected, the
depletion of IGF2BP1/2 could dramatically reduce the
protein and mRNA expression of FOS in EBVaGC cells
(Figure 6F,G and Figure S6E,F), and the FOS mRNA
decay rate was consistently accelerated after IGF2BP1/2
knockdown (Figure 6H and Figure S6G). In addition, a
cell migration assay verified that FTO silencing promoted
EBVaGC cell metastasis, while these enhanced effects
were obviously suppressed upon simultaneous IGF2BP1/2
reduction (Figure 6I). These findings indicated thatmethy-
lated FOS mRNA was specifically recognized by the m6A
“readers” IGF2BP1/2, which maintained FOS expression
and enhanced the metastatic capacity of EBVaGC cells via
IGF2BP1/2-dependent FOS transcript stability.

3.7 EBV induces FTO expression by the
transcription factor MYC in GC

The up-regulatorymechanism of FTO in EBVaGC remains
unclear, and we presumed that EBV controlled upstream
transcription factors of the FTO promoter through its
antigens, thereby increasing FTO translation and pro-
tein expression. RNA-seq was performed on 73 cases
of EBVaGC samples from the SYSUCC cohort, and a
hallmark enriched pathway analysis prompted that FTO
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F IGURE 5 FOS is regulated by FTO-dependent m6A demethylation. (A) MeRIP-seq analysis showing canonical RRACHm6A motifs of
FOS transcripts in EBVaGC cells and EBVnGC cells. (B) The predicted m6A regions in FOS mRNA. (C) MeRIP-qPCR analysis of m6A
enrichment in regions 1−5 of FOS transcripts in AGS B95.8 cells. (D) MeRIP-qPCR analysis of m6A enrichment in regions 1−5 of FOS mRNA
in FTO-knockdown and control AGS B95.8 cells. (E) The decay rate (left) and qPCR detection (right) of FOS mRNA at the indicated time

(Continues)
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F IGURE 5 (Continued)
point after actinomycin D (ActD) treatment in FTO-knockdown versus control groups. (F and G) RT-qPCR analysis (left) and
immunoblotting (right) of FOS expression in EBVaGC cells with empty vector (EV), wild-type FTO overexpression (FTO) and
H231A/D233A-mutant FTO overexpression (FTOH231A/D233A). (H) MeRIP-qPCR analysis was conducted to detect the relative m6A level of FOS
mRNA regions in AGS B95.8 cells transfected with vectors expressing wild-type or catalytic-mutant FTO. (I) Relative FOS mRNA expression
in EBVaGC cells treated with DMSO, FB23-2 (5 µM), FB23-2 (10 µM) and FB23-2 (15 µM). (J) The decay rate (left) and qPCR assay (right) of
FOS mRNA at the indicated times after ActD treatment in FB23-2 (15 µM) versus DMSO-treated AGS B95.8 cells. (K) The decay rate of FOS
transcripts in AGS B95.8 cells transfected with EV, FTO and FTOH231A/D233A plasmids was analysed by nonlinear regression (left), and the
relative FOS mRNA expression of different groups was detected by qPCR analysis at each time point (right). The data in (C–F and H–K) are
presented as the means ± SDs. p-Values were determined by Student’s t test (C, D, F, H, I and relative FOS level in E, J and K) and two-way
ANOVA (%RNA remaining in E, J and K). *p < 0.05; **p < 0.01; ***p < 0.001. IgG was used as the negative control and the relative m6A level
was normalized by the input in (C, D and H). Vinculin was included as a loading control.

expression was positively correlated with MYC pathway
in EBVaGC tumour tissues (Figure S7A–C). Moreover, a
previous study stated that MYC, as a transcription fac-
tor, was positively regulated by EBNA1,48 and we observed
that the expression of MYC was notably enhanced in
EBVaGC cells compared with EBVnGC cells (Figure 7A).
Therefore, to test our hypothesis, an RT-qPCR assay was
applied to show that MYC expression was positively cor-
related with EBNA1 and FTO expressions in 62 EBVaGC
specimens from SYSUCC (Figure 7B). To further ver-
ify whether MYC could transcriptionally enhance FTO
expression, we next overexpressed MYC and constructed
MYC-silencing EBVaGC cell lines (Figure S7D,E) and
observed that high expression of MYC obviously elevated
the expression of FTO, while MYC silencing led to the
reduced expression of FTO at the protein and mRNA
levels (Figure 7C–F). Then, dual-luciferase promoter activ-
ity analysis illustrated that MYC up-regulation effectively
promoted the transcriptional activity of FTO, and the
opposite effect occurred with the depletion of MYC in
EBVaGC cells (Figure 7G,H). The Jaspar (https://jaspar.
genereg.net/) database predicted that MYC was directly
bound to the −1364 to −1354 regions of the FTO pro-
moter, whichwas subsequently verified using a ChIP assay
(Figure 7I,J). Additionally, the MYC-binding sequence on
the FTO promoter was deleted, as shown in Figure 7I,
and we found that MYC overexpression only up-regulated
the transcriptional activity of the wild-type FTO promoter
but had no significant effect on the mutant FTO promoter
(Figure 7K,L). Collectively, the results indicated that MYC
increased the transcription and expression of FTO mainly
through specifically binding the FTOpromoter in EBVaGC
cells.

3.8 The FTO/FOS m6A regulatory axis
also exists in EBVnGC cells

Several studies have revealed that EBVnGC has signifi-
cantly stronger metastatic potential than EBVaGC.12,13,49

As mentioned above, FTO obviously suppressed EBVaGC
metastasis in vitro and in vivo, but it was low expressed in
EBVnGC cells. Dramatically, in EBVnGC cells, we found
that the ectopic expression of FTO restrained cell migra-
tion, invasion and the wound healing rate (Figure 8A–D),
whereas the protein levels of EMT marker genes were
further increased after FTOdepletion (Figure 8E). Further-
more, FOSknockdownwas expected to successfully inhibit
the migratory ability of EBVnGC cells (Figure 8F,G). Alto-
gether, these data showed that there existed the FTO/FOS
m6A regulatory axis in EBVnGC, which might provide us
with potential therapeutic and prognostic targets for GC.

4 DISCUSSION

To date, studies have revealed a variety of eukaryotic
mRNA modifications, including adenosine methyla-
tion to m6A, N1-methyladenosine (m1A), and N6,2′-
o-dimethyladenosine (m6Am), as well as cytosine methy-
lation to form 5-methylcytosine and its oxidation product
5-hydroxymethylcytosine (hm5c).50,51 Among those
modifications, m6A modification, as the most abundant
internal mRNA modification, is a dynamic and reversible
process jointly mediated by m6A writers, erasers and
readers. In addition, m6A plays a crucial role in affecting
RNA metabolism, including splicing, export, transla-
tion and decay.18,52,53 Accumulating evidence suggests
that abnormal m6A modification occurs in multiple
types of tumours and can affect tumour progression via
modulating cancer-related biological functions, which
has become an emerging research frontier in tumour
biology.19,54 In this study, we firstly explored the m6A level
changes in EBVaGC and EBVnGC cells, and MeRIP-seq
results indicated that the hypomethylated m6A peaks
were significantly increased in GC cells infected with
EBV. Moreover, an m6A dot blot assay was performed to
observe that the m6A modification of EBVaGC cells was
obviously reduced compared with that of EBVnGC cells,
and further experiments verified that high expression

https://jaspar.genereg.net/
https://jaspar.genereg.net/
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F IGURE 6 IGF2BP1/2 promotes FOS transcript stability by binding its m6A-modified mRNA. (A) Western blotting of the YTH family
and IGF2BP family with cell lysate (Ly), biotinylated full-length FOS (FOS) and beads only (NC) in AGS B95.8 cells using an RNA pulldown
assay. (B) Western blotting assay of IGF2BP1/2 with cell lysate (Ly), full-length FOS (#1), the FOS CDS region with or without m6A motif
mutation (#2, #3), the FOS 3′-UTR with or without m6A motif mutation (#4, #5) and beads only (NC) in EBVaGC cells. (C) Agarose gel

(Continues)
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F IGURE 6 (Continued)
electrophoresis (top) and qPCR detection (bottom) of RIP assays indicated direct binding between IGF2BP1/2 protein and FOS transcripts in
AGS B95.8 cells. (D) The enrichment of IGF2BP1/2 protein binding FOS mRNA in AGS B95.8 cells upon FTO silencing was determined by RIP
assays. (E) Q-PCR assay illustrating that FOS expression was positively correlated with IGF2BP1 (left) and IGF2BP2 (right) expression in 62
EBVaGC specimens from the SYSUCC cohort. (F) Immunoblotting assay of FOS protein levels after IGF2BP1 (left) and IGF2BP2 (right)
inhibition in AGS B95.8 cells. (G) RT-qPCR analysis of FOS mRNA expression in EBVaGC cells with IGF2BP1 (left) and IGF2BP2 (right)
inhibition. (H) The decay rate of FOS transcripts in AGS B95.8 cells after IGF2BP1 knockdown (top) and IGF2BP2 knockdown (bottom). (I)
Representative images (left) and quantification (right) of migrated AGS B95.8 cells with siNC, siFTO#1, siIGF2BP1#1, siFTO#1 + siIGF2BP1,
siIGF2BP2#1, siFTO#1 + siIGF2BP2#1. Scale bar: 200 µm. The data in (C, D and G–I) are presented as the means ± SDs. p-Values were
determined by Student’s t test (C, D, G, I), two-way ANOVA (H), Pearson’s correlation analysis and chi-square test (E). *p < 0.05; **p < 0.01;
***p < 0.001. β-Actin (A and B) and Vinculin (F) were included as loading controls.

of the m6A demethylase FTO in EBVaGC cells leads to
abnormal m6A modification. These findings revealed that
increasing FTO expression in EBVaGC cells induced the
overall down-regulation of m6A modification.
FTO, acting as the first identified m6A demethylase,

has been demonstrated to be frequently dysregulated
and participated in the progression of many tumour
types which plays a dual role. Previous studies have
reported that FTO plays an oncogenic role in melanoma
by reducing RNA degradation of critical melanoma-
promoting genes, including PD-1 and CXCR4, via anm6A-
YTHDF2-dependent mechanism55 and facilitates bladder
cancer tumorigenesis and tumour cell viability through
the FTO/MALAT/miR-384/MAL2 signalling pathway.56 In
contrast, FTO functions as a tumour suppressor in CRC,
which depresses MTA1 expression and reduces its mRNA
stability in an m6A-IGF2BP2-dependent manner.57 Addi-
tionally, FTO was reported to inhibit ovarian cancer stem
cell self-renewal and restrain tumour progression in thy-
roid cancer.58,59 These results indicated that the role FTO
exerts in different tumours mainly relying on the effort
of downstream target genes and their m6A binding pro-
teins. Our study uncovered a significant suppressive role
for FTO in EBVaGC metastasis and invasiveness through
a series of in vitro and in vivo experiments and showed
that FTO expression was associated with better prognosis
in GC patients, suggesting that FTO might be a biomarker
for predicting the metastasis and outcome of GC patients.
Meanwhile, the body weight of all B-NDG mice with FTO
treatment in this work suggested that there was less toxic-
ity profile of the FTO response in animals (Figure S7F–I),
which showed a prospective therapy using FTO as a target.
In addition, the FTO mutant plasmid had no significance
on EBVaGC cell migration ability, which reflected that
FTO inhibited EBVaGC cell metastasis depending on its
m6A demethylation activity.
The FOS gene family includes the FOS, FOSB, FOSL1

and FOSL2 genes, and these members encode leucine zip-
per proteins that can dimerise with JUN family proteins
(c-JUN, JUNB, JUND), leading to the formation of the AP-
1 transcription factor complex, which is involved in cell

proliferation, differentiation, migration and invasion.60,61
For instance, c-FOS in the inflammatory microenviron-
ment activated by GDF15 promotes CRC invasion and
metastasis through modulating EMT genes.40 Moreover,
one study stated that c-FOS regulated by the transcrip-
tion factor c-Myb increased the EMTmolecular phenotype
in CRC cells, thus accelerating the malignant progression
of CRC.62 These data revealed that FOS participated in
the regulation of tumour metastasis as an AP-1 transcrip-
tion factor subunit. Here, we identified FOS as the key
downstream target gene of FTO by performing MeRIP-
seq, qPCR and western blotting assays. In phenotypic
experiments, FOS overexpression facilitated EBVaGC cell
migration, and FTO suppressed EBVaGC cellmetastasis by
depressing FOS expression. Furthermore, FTO inhibition
and mutant plasmids were used to demonstrate the mod-
ulation of FOS expression by FTO in an m6A-dependent
manner, where m6A modification enhanced FOS tran-
script stability. Our current findings indicated that FTO
highly expressed in EBVaGC cells eliminated m6A mod-
ification of FOS mRNA through its demethylase activity
and naturally induced FOS mRNA decay and inhibited
its expression, thereby suppressing EBVaGC cell migration
and invasion.
The m6A readers are required to mediate the fate of

methylated mRNA. Our data verified that IGF2BP1/2
directly bound to specific m6A modification regions in
FOS mRNA. Previous reports have shown that IGF2BPs
serve as posttranscriptional fine-tuners for target mRNA
and precisely bind thousands of mRNA transcripts
via recognizing the conserved GG (m6A) C sequence.
IGF2BPs are involved in regulating RNA processing and
metabolism, such as RNA stability, translation and local-
ization. Functionally, contrary to the promoting role of
mRNA degradation by YTHDF2, IGF2BPs fortify the sta-
bility and storage of m6A-modified target transcripts in an
m6A-dependent mechanism.45,46,63–65 Here, we detected
that silencing IGF2BP1/2 depressed FOS expression and
shortened its mRNA lifespan, meanwhile, IGF2BP1/2
knockdown restrained EBVaGC cell migration in the
absence of FTO. These results revealed an underlying
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F IGURE 7 EBV induces FTO expression by the transcription factor MYC in GC. (A) Immunoblotting of MYC protein levels in EBVaGC
cells and EBVnGC cells. (B) Correlation of EBNA1 (left) and FTO (right) with MYC mRNA expression in 62 EBVaGC samples from SYSUCC.
(C and D) RT-qPCR analysis of FTO mRNA levels in EBVaGC cells upon MYC overexpression (C) and MYC knockdown (D). (E and F)
Western blotting was performed to assess FTO and MYC protein expression levels in EBVaGC cells with MYC up-regulation (E) and MYC
down-regulation (F). (G and H) Luciferase reporter assay of FTO transcriptional activity in MYC-overexpressing (G) and MYC-knockdown
(H) EBVaGC cells. (I) Schematic illustration showing the FTO promoter containing the predicted MYC-binding sites (−1365 to −1354). The
strategy for mutating the FTO promoter is to delete the binding sequences. (J) Agarose gel electrophoresis (top) and qPCR analysis (bottom)
of the ChIP assay indicated the enrichment of MYC on the FTO promoter at the predicted region of −1365 to −1354 in EBVaGC cells. (K and L)
Luciferase reporter assay showing the transcriptional activity of FTO in AGS B95.8 (K) and AGS AKATA (L) cells overexpressing the FTO wild
type and truncation mutant. The data in (C, D, G, H, K and L) are presented as the means ± SDs. p-Values were determined by Student’s t test.
*p < 0.05; **p < 0.01; ***p < 0.001. Vinculin was included as a loading control.
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F IGURE 8 The FTO/FOS m6A
regulatory axis also exists in EBVnGC cells.
(A) Western blotting assay of FTO protein
levels in FTO-overexpressing (FTO) and
empty vector (EV) AGS cells. (B and C)
Representative images (B) and quantification
(C) of migrated and invaded AGS cells with
FTO and EV. Scale bar: 200 µm. (D) Wound
healing assays of AGS cells overexpressing
FTO and control cells are shown and
quantitatively analysed. Scale bar: 200 µm. (E)
The protein levels of EMT markers
(β-Catenin, ZEB1, Slug) in AGS cells with FTO
silencing were detected by western blotting.
(F) Western blotting of FOS expression in FOS
knockdown with si#1 and si#2 versus control
AGS cells. (G) Images (left) and quantification
(right) of the transwell migration assay of
AGS cells after FOS deficiency. Scale bar:
200 µm. (H) Proposed working model of the
underlying mechanism in this work. The data
in (C, D and G) are presented as the
means ± SDs. p-Values were determined by
Student’s t test. *p < 0.05; **p < 0.01;
***p < 0.001. GAPDH (A) and Vinculin (E
and F) were included as loading controls.

FTO-IGF2BP1/2 m6A regulatory mechanism of FOS
expression in EBVaGC and partially accounted for the
promoting effect of IGF2BP1/2 on EBVaGC cell metastasis,
providing a promising therapeutic strategy for targeting
FOS and dampening metastasis in GC.
In summary, our work investigated the tumour suppres-

sive role of FTOand its downstream regulatorymechanism
based on aberrant m6A modification in EBVaGC and
uncovered that the FTO-FOS-IGF2BP1/2 signalling path-
way delayed malignant progression in an m6A-dependent
manner. In addition, we found that MYC induced FTO

expression in the case of EBV infection, which accounted
for the lower metastasis rate in EBVaGC. Furthermore,
it is possible to extend the FTO-FOS-IGF2BP1/2 axis as
biomarkers to all patients with GC, regardless of their
EBV infection status, and detecting the expression of
this biomarker panel could predict the prognosis of GC
patients. However, there are some limitations in our study.
The regulatory mode of FTO-FOS-IGF2BP1/2-m6A is one
of the mechanisms that explains the declining metasta-
sis in EBVaGC, and other potential downstream target
genes of FTO need to be further verified. In general, the
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FTO-FOS-IGF2BP1/2 pathway indicated a promising ther-
apeutic strategy for GC patients, which we will focus on
exploring in the future (Figure 8H).
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