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BACKGROUND: While emerging evidence indicates that N6-methyladenosine (m6A) regulators play crucial roles in cancer
progression, their clinical significance in gastric cancer (GC) has thus far not been elucidated.
METHODS: We investigated the expression of the m6A regulator genes and their prognostic potential in a large clinical cohort of
173 GC patients using qRT-PCR assays. In addition, we undertook a series of in-vitro and in-vivo functional studies to investigate the
oncogenic role of FTO.
RESULTS: GC patients with low expression of METTL3, METTL14, ALKBH5, WTAP and YTHDF1 demonstrated significantly poor OS,
while patients with high FTO expression exhibited markedly worse OS. Furthermore, the cumulative risk-score derived from these
gene panel also significantly associated with poor OS, with a corresponding hazard ratio of 5.47 (95% CI: 3.18–9.41, p < 0.0001). We
observed that FTO expression was frequently upregulated in GC cell lines, with epithelial-mesenchymal-transition (EMT) features.
FTO knockdown in HGC27 and AGS cells inhibited cell proliferation and migratory potential, while its overexpression in MKN28 cells
resulted in enhanced proliferation and migration. Finally, confirming our in-vitro findings, FTO suppression led to significant tumour
growth inhibition in a HGC27 xenograft model.
CONCLUSIONS: We demonstrate that m6A regulators may serve as promising prognostic biomarkers in GC. Our functional studies
reveal that FTO is an important oncogene and may be a promising therapeutic target associated with EMT-alterations in gastric
cancer.

British Journal of Cancer (2022) 126:228–237; https://doi.org/10.1038/s41416-021-01581-w

INTRODUCTION
Gastric cancer (GC) is the fourth most frequent cause of
mortality worldwide, accounting for about 8% of all cancers
and 10% of cancer-related deaths [1, 2]. Although the survival
benefit from surgical treatments as well as chemotherapy and
chemoradiotherapy in GC patients is well recognised, the
prognostic outcomes from this malignancy still remains poor
[3]. The currently used prognostic biomarkers in GC patients are
primarily clinicopathological, which are inadequate for robust
prognostication due to their low overall accuracy [4]. Therefore,
identification of critical factors that drive cancer progression and
development of prognostic biomarkers for improving recurrence
prediction and overall prognosis of GC patients are much
needed.
RNA can be post-transcriptionally modified through acquisition

of more than 150 chemical modifications [5, 6]. Among them, N
[6]-methyladenosine (methylation of N6 adenosine; m6A) has

been identified as one of the most abundant internal modifica-
tions in eukaryotic mRNA [7, 8]. The m6A modifications enrich
around stop codons, in 3′ untranslated regions (UTR), within long
internal exons, and also occur at 5′UTRs [9–11]. Epigenetic
regulation of RNA through m6A methylation affects post-
transcriptional fate of a large number of target mRNAs, which
plays important roles in proliferation and differentiation. In fact,
m6A dysregulation has a dual role as it leads to degradation of
specific mRNAs, as well as facilitates elevated expression of certain
oncogenes by inducing translation through different pathways.
Moreover, low m6A tend to correlate with cell pluripotency, while
m6A modifications continue to increase during cellular
differentiation.
It is well known that there are several basic m6A regulators, which

are involved in RNA metabolism including RNA stability, translation,
splicing, transport and localisation [8, 12]. Among various categories
of m6A regulators, the ‘writers’ consist of a multicomponent
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methyltransferase complex including methyltransferase-like 3
(METTL3), METTL14, and Wilms’ tumour 1-associating protein
(WTAP1) [13, 14]. These m6A marks of mRNAs are erased by two
RNA demethylases (‘erasers’), fat mass and obesity-associated
protein (FTO) and alkylated DNA repair protein alkB homologue 5
(ALKBH5) proteins [15, 16]. Finally, these m6A methylated mRNAs
are identified by “readers” represented by YTH family of proteins
that preferentially binds to RNA containing m6A at the G [G>A]
m6ACU consensus sequences [7].
Aberrant m6A modifications have been reported to play a

crucial role in cancer progression across various malignancies,
such as prostate, breast, pancreatic, gastric, glioblastoma,
hepatocellular carcinoma (HCC), and acute myeloid leukaemia
(AML) [17–23]. Recent functional studies have revealed that
knockdown of METTL3 and METTL14 and overexpression of FTO
promoted glioblastoma stem cell (GSC) self-renewal, pluripo-
tency and enhanced tumour growth [17]. In breast cancer,
hypoxia increases the expression of ALKBH5 which stabilises
NANOG mRNA and promotes tumour formation [19, 20]. In acute
myeloid leukaemia (AML), FTO enhances leukaemic oncogene-
mediated cell transformation and leukemogenesis, through
regulation of the expression of ASB2 and RARA by reducing
m6A levels in these mRNA transcripts [21, 24]. Furthermore, with
regards to the biomarker potential of m6A regulators, mutations
and/or copy number variations in m6A regulators are reported
to confer a worse prognosis in AML [22]. Furthermore in HCC,
knock-down of METTL14 enhanced tumour metastatic potential
in cell culture and animal model experiments, and down-
regulation of METTL14 was associated with poor recurrence-free
survival [23].
Recently, we have identified that a gene expression panel

composed of basic m6A regulators in various malignancies
including gastric, colorectal, breast, and ovarian cancer [25], and
the risk scores derived from these m6A regulators significantly
associated with poor prognosis in GC patients [25]. In order to
confirm these intriguing findings, we assessed the association
between the expression level of these m6A regulator genes and
prognosis using an independent clinical cohort of GC patients.
Furthermore, we investigated the oncogenic role of FTO using in a
series of in-vitro and in-vivo experimental models. Our efforts led
us to further validate the prognostic ability of m6A regulator
genes in GC, and in particular, the clinical significance of FTO as a
therapeutic target in GC patients.

METHODS
Study design and patient specimens
We enrolled a cohort of 173 gastric cancer patients who underwent
surgery between January 2006 and December 2012 at the Mie University
Hospital, for the clinical validation of m6A regulators. Each tumour sample
was fixed in 10% phosphate-buffered formalin and embedded in paraffin.
Information on patient demographics and clinicopathological character-
istics are provided in Supplementary Table 1. A written informed consent
was obtained from all patients, and the Institutional Review Boards of Mie
University Hospital (IRB number: H2019-197).

RNA isolation and quantitative real time PCR
Total RNA from formalin-fixed paraffin-embedded (FFPE) specimens of GC
patients were extracted using the AllPrep DNA/RNA FFPE Kit (Qiagen,
Valencia, CA), and RNA from cancer cell-lines was extracted using the
miRNeasy Mini Kit (Qiagen). Complementary DNA (cDNA) synthesis was
performed using 500 ng total RNA with High Capacity cDNA Reverse
Transcription Kit (Invitrogen, Carlsbad, CA). Quantitative real-time poly-
merase chain reaction (qRT-PCR) assays for the expression of each
transcripts were performed by SensiFAST SYBR (Bioline, London, UK) using
the QuantStudioTM 7 Flex Real-Time PCR System (Applied Biosystems,
Foster City, CA). The β-actin gene was used as an internal control for data
normalisation. The relative expression levels of each target transcripts were

calculated using the 2−ΔCT method. The sequences of each PCR primer in
the current study are provided in Supplementary Table 2.

FTO knockdown and overexpression in GC cell lines
GC cell lines HGC27, AGS, and MKN28 were purchased from the American
Type Culture Collection (Manassas, VA). All cell lines were grown in Iscove’s
Modified Dulbecco’s Medium (IMDM; Gibco, Carlsbad, CA) with 10% foetal
bovine serum and 1% penicillin and streptomycin and cultured at 37 °C in
a humidified incubator at 5% CO2. The PLKO.1 lentivirus vector bearing
control or FTO cDNA sequences (sh-FTO) were used to perform stable
knockdown of FTO. These plasmids were kindly provided by Professor
Chuan He’s Laboratory. Briefly, 2.24 μg psPAX2, 0.76 μg pMD2.G and 1.5 μg
shFTO or control were co-transfected into HEK-293T using Lipofectamine
2,000 (Invitrogen, Carlsbad, CA). The lentivirus particles were harvested at
48 and 72 h after transfection. For transduction, the lentivirus particles
were directly added to HGC27 and AGS cells along with 10 ug/ml
Polybrene (MilliporeSigma, Burlington, MA) and incubated at 37 °C for
48–72 h.

Overexpression of FTO
The FTO overexpression plasmid was also kindly provided by Professor
Chuan He’s Laboratory. Each FTO expression construct was transfected
into MKN28 cells (2000 ng per 1 million cells) using Lipofectamine 2,000
(Invitrogen, Carlsbad, CA). For all transfections, empty pcDNA vector was
used as a control. Forty-eight hours after transfection of these plasmids,
the transfected MKN28 cells were collected for further experiments.

Western blotting
Total cellular protein from HGC27 and AGS were collected at 48-h post
transduction, while MKN28 cells were extracted following 96-h post
transfection. Proteins were extracted using a RIPA Lysis and Extraction
Buffer (ThermoFisher Scientific, Waltham, MA) containing 0.1% protease
inhibitor cocktail (ThermoFisher Scientific). Twenty μg of each protein was
loaded on sodium dodecyl sulfate-polyacrylamide gels (12%), followed by
electrophoresis, and immediate transfer of the proteins to a nitrocellulose
membrane using a transfer buffer (25mM Tris, pH 8.3, 192mM glycine with
20% methanol). Nitrocellulose membranes were incubated in TBS-T (Tris-
NaCl buffer (TBS) with 0.1% Tween 20) containing 5% dry milk for 1 h at
room temperature for nonspecific binding blocking. The blots were
incubated overnight at 4 °C with the primary antibodies in TBS-T
containing 1% bovine serum albumin (BSA). Lists of the primary antibodies
that were used are shown in Supplementary Table 3. The blots were
washed five times for 5 m each with TBS-T at room temperature, incubated
for 60m in species-appropriate horseradish peroxidase-conjugated sec-
ondary antibodies (Santa Cruz Biotechnology, Dallas, TX) in TBS-T
containing 1% BSA, washed five times, and incubated on Super-Signal
West Pico Chemiluminescent Substrate (Thermo Fisher Scientific) for 2 m.
All protein bands on the membranes were visualised using Chemi-
DocTMMP Imaging system (ver 5.2.1, BioRad Laboratories Inc, Hercules,
CA). B-actin (Sigma-Aldrich) was used as a reference protein. Band intensity
was quantified using Image J ver. 1.52 (Bethesda, MD) [26], and shown as a
ratio to B-actin band intensity.

MA2 (FTO inhibitor)
Meclofenamic acid (MA)/MA2 is a non-steroidal-anti-inflammatory-drug
approved by the US Food and Drug Administration (FDA) known for its
inhibition of prostaglandin synthesis, cyclooxygenase enzymes and
lipoxygenases [27], as well as the inhibition of FTO [28]. In-vitro functional
studies performed by Huang et al, demonstrated that MA/MA2 specifically
competed with FTO binding for the m6A-containing nucleic acids, and
HeLa cells treated with MA/MA2 resulted in the upregulation of m6A
modification levels in mRNAs [29]. In our study, MA2 compound was kindly
provided by Professor Cai-Guang Yang’s Laboratory.

Cell proliferation assay
The MTT (3-(4,5-dimethylthiazol-2-yl)−2,5-diphenyltetrazolium bromide)
assay was used to evaluate the cell proliferation ability. Cells were plated in
96-well dishes at a density of 500–1000 cells/well in IMDM with 10% FBS
and antibiotics. Cell proliferation in each group (naive, sh-ctrl, sh-FTO,
pcDNA, and OE-FTO) was measured at 24, 48, 72, and 96 h after seeding.
Thereafter, 10 µl of 5 mg/ml MTT (Thiazolyl Blue Tetrazolium Bromide;

T. Shimura et al.

229

British Journal of Cancer (2022) 126:228 – 237



Sigma-Aldrich, St Louis, MO) reagent was added to the cell-culture
medium, incubated for 4 h, removed the medium, and crystals were
completely dissolved with 100 µl DMSO (Sigma-Aldrich). Thereafter The
light absorbance OD570 reading was detected using Tecan Infinite 200
PRO (TECAN, Mannedorf, Switzerland). Experiments in each group were
performed at least with three technical replicates.

Cell migration assay
5 × 104 cells/well with FBS negative IMDM were plated in Corning
Transwell polycarbonate membrane cell culture inserts (3422, Sigma-
Aldrich) for migration assays. 500 μl of IMDM+ 10% FBS media were
added to the bottom chamber of the migration plate to induce
chemotaxis. Cells were allowed to migrate for 16–36 h (HGC27: 16 h,
AGS: 36 h, MKN28: 24 h) and stained using the three-step stain (3300,
ThermoFisher Scientific) according to the manufacturer’s instruction. The
stained cells were observed and counted under the microscope at least
three times in each group. Number of migrated cells were calculated using
Image J software, and the percentage of migrated cells in each field (X100)
was calculated.

Wound-healing assay
0.5×10^6 cells were plated in 6-well dishes with IMDM+ 10% FBS+ 1%
penicillin/streptomycin. The cells were allowed to attach overnight, and a
straight line was scratched using a pipet tip in each well. Images were
taken immediately (0 h) and 16 h (for HGC27 cells), or 24 h (for AGS and
MKN28 cells) after forming the scratch. Distance migrated by the cells was
calculated as a percentage of the width of the gap at 16/24 h compared to
that of 0 h. The average of three technical replicates were plotted.

Xenograft experiments
Seven-week-old male athymic nude mice (Envigo, Houston, TX) were
kept under controlled conditions of light and fed ad libitum. 1 × 106

HGC27 cells in each group (naive, sh-ctrl, sh-FTO, and MA2 treatment
group) were suspended in matrigel matrix (BD Biosciences) and injected
subcutaneously into the left flank using 27-gauge needle (n= 10 in each
group). About Five days after injection, subcutaneous tumours became
palpable. In MA2 treatment group, we started intratumoral injection of 5
nmol of MA2 once a week for 4 weeks, as reported previously [30].
Tumour size was daily measured by calipers for 28 days, and tumour
volume was calculated using the following formula: 1/2 (length ×
width × height). All mice were sacrificed on day 28, collected tumour
mass, and calculated the tumour weight. The animal protocol was
approved by the Institutional Animal Care and Use Committee, Baylor
Scott & White Research Institute, Dallas, Texas.

Statistical analysis
Comparison of target gene expression between two independent
groups were analysed using the two tailed Mann–Whitney U test
(D’Agostino-Pearson omnibus normality test was used to determine
Gaussian distribution of target gene expression) or two-tailed t-test. To
analyse correlations between individual target genes and various
clinicopathological features, as well as in multivariate analysis, Youden’s
index was used to dichotomise patients into high and low expression
groups. The differences between groups were analysed by the Fisher’s
exact test. Overall survival (OS) was defined as the period from the date
of GC diagnosis to the date of last follow up, and recurrence free survival
(RFS) was defined as the period from the date of GC diagnosis to the
date of recurrence (recurrence positive cases) or the date of last follow
up (recurrence negative cases). Analysis for OS and RFS were performed
by Log-rank test by dichotomising patients using the Youden’s index for
OS and RFS in individual target gene and combined gene panel. Risk
scores composed of combined target gene panel and various clinical risk
factors which remained in univariate analysis were also generated by
Cox proportional hazard model for OS and RFS in order to analyse
whether each of the predictors affected the outcome after adjusting for
known confounders. As for in-vitro and in-vivo experiments, statistical
comparisons were determined by unpaired t-test when such compar-
isons were made between two groups, and one-way ANOVA with
Tukey’s post hoc tests in cases of multiple comparisons. A p-value of
<0.05 was considered statistically significant. All statistical analyses were
performed using the Medcalc statistical software V.16.2.0 (Medcalc
Software bvba, Ostend, Belgium), JMP software 10.0.2 (SAS Institute,
Cary, NC), and GraphPad Prism V7.0 (GraphPad Software, San Diego, CA).

RESULTS
Evaluation of the prognostic ability of m6A regulators in
gastric cancer patients
In order to evaluate the overall prognostic significance of the m6A
regulator genes, we investigated their expression in a clinical
cohort composed of stage 1–4 GC patients by qRT-PCR assays.
Association between various clinicopathological factors and the
expression of individual m6A genes are shown in Supplementary
Table 4. In advanced stage patients, the expression of FTO was
significantly upregulated, while the expression of other m6A
regulators (METTL3, METTL14, ALKBH5, WTAP, and YTHDF1) were
significantly downregulated. We thereafter examined whether the
expression of these m6A regulators is associated with OS by
performing Kaplan–Meier survival analysis. Patients with high
expression of FTO associated with obviously worse OS than those
with low expression (p < 0.0001, Supplementary Fig. 1). On the
other hand, patients with low expression of METTL3, METTL14,
ALKBH5, WTAP, and YTHDF1 were associated with significantly
poorer OS than those with high expression (p= 0.002, 0.0002,
0.0008, 0.0001, and 0.01, respectively, Supplementary Fig. 1).
Furthermore, patients with low expression of YTHDF2 showed a
trend for worse OS than those with high expression (p= 0.09,
Supplementary Fig. 1). Collectively, these data suggest that the
expression levels of individual m6A regulators are significantly
associated with OS in GC patients.
Subsequently, to elucidate whether the m6A regulator

expression profiles can also be utilised for recurrence prediction,
we evaluated their expression in stage 1–3 GC patients who had
undergone curative surgery. Association between clinicopatho-
logical factors and the expression of individual m6A genes are
shown in Supplementary Table 5. In line with the stage 1–4
patients, the expression of FTO was significantly upregulated,
while the expression of most of other m6A regulators (METTL3,
METTL14, ALKBH5, and WTAP) were significantly downregulated
in patients with recurrence. We next evaluated by Kaplan–Meier
analysis whether the expression of these m6A regulators was
associated with recurrence free survival (RFS). In line with the OS
data, patients with high expression of FTO associated with
significantly poorer RFS than those with low expression (p <
0.0001, Supplementary Fig. 2). On the other hand, patients with
low expression of METTL3, METTL14, ALKBH5, and WTAP were
associated with significantly poorer OS than those with high
expression (p= 0.03, 0.01, 0.006, and 0.02, respectively, Supple-
mentary Fig. 2). Taken together, these data indicate that the
expression levels of individual m6A regulators are also
significantly associated with RFS in GC patients with curative
intent.

The five gene m6A classifier exhibited significantly superior
prognostic ability independent of clinicopathological factors
Next, we evaluated whether the combined expression profiles of
m6A regulator genes further improves the prognostic ability in GC.
We selected five of the seven m6A regulator genes as these five
m6A regulators (FTO, METTL3, METTL14, ALKBH5, and WTAP)
significantly distinguished both OS and RFS at single gene level. A
multivariate cox-proportional hazard model was used to combine
the 5-gene signature for OS and RFS prediction. The waterfall plots
derived from the 5-gene cox-model, distinguished patients with
poor OS (Fig. 1a) and RFS (Fig. 1b) with high accuracy. The risk
scores derived from the 5-gene Cox model achieved an area under
the curve (AUC) of 0.80 with a p < 0.0001 for OS and RFS
prediction (Fig. 1c and d). Subsequently, Kaplan–Meier analysis
revealed that patients with high-risk scores associated with
significantly worse OS than those with low-risk scores with
corresponding hazard ratio (HR) of 4.88 (p < 0.0001, Fig. 1e). As for
RFS as well, patients with high risk scores associated with
significantly worse RFS with corresponding HR of 10.41 (p <
0.0001, Fig. 1f). Taken together, these results demonstrate that the
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risk scores derived from the 5-gene m6A classifier offer robust
prognostic potential in GC patients.
In univariate analysis, along with the 5-gene m6A classifier,

several clinicopathological factors showed significant association
with poor OS and RFS (Table 1). Subsequent multivariate analysis
identified that along with the 5-gene m6A classifier, older age,
positive lymph node metastasis, hepatic metastasis, and distant
metastasis, as independent risk factors for poorer OS (Table 1).
With regards to RFS, multivariate analysis revealed that along with
the 5-gene m6A classifier, larger tumour size was associated with
worse RFS (Table 1). Collectively, we have demonstrated that the
5-gene m6A classifier is an independent risk factor of both worse
OS and RFS in GC patients.

Stable knockdown of FTO suppresses oncogenic function in
GC cells
Considering that FTO was highly upregulated compared to other
m6A regulators, we next performed functional experiments to
investigate the oncogenic role of FTO in GC cell lines. We first

evaluated the expression of FTO in various GC cells at mRNA and
protein levels, which led to the selection of HGC27 and AGS cells
that showed highest FTO expression as candidates for FTO
knockdown studies (Fig. 2a and b). Following the stable knock-
down of FTO, expression of FTO in HGC27 and AGS cells was
confirmed by qRT-PCR and western blotting. In both the cell lines,
we were able to achieve successful knockdown of the FTO
(Fig. 2c).
Subsequently, we performed additional assays to evaluate the

effects of FTO suppression on the tumorigenicity in these two-cell
lines. First, we performed MTT (3-4, 5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide) assay to evaluate the alteration of
cell proliferation ability between the cells with and without FTO
knockdown. As expected, knockdown of FTO expression signifi-
cantly inhibited cell proliferation in both cell-lines following FTO
stable knockdown compared with cells transduced with the
control vector (Fig. 2d). Thereafter, we performed migration assays
and wound-healing assays to interrogate the effects of FTO
suppression on tumour cell migration potential. Interestingly, the
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cellular migratory capability was also significantly inhibited in both
cell-lines following FTO stable knockdown compared with cells
transduced with the control vector (Fig. 2e, and f). Collectively,
these results suggest that FTO regulates not only cell proliferation,
but also cell migration ability of GC cells.

FTO inhibition by MA2 suppressed oncogenic function in
HGC27 and AGS cells
Next, we investigated the efficacy of MA2 which is reported as an
FTO inhibitor [26, 27] through a series of functional assays. First,
we performed MTT assays to investigate the effect of MA2 on cell
proliferation. In line with the FTO knock down data, cell
proliferation ability was indeed inhibited in a dose-dependent
manner in both HGC27 and AGS cells (Fig. 3a). Subsequently, we
performed cell migration assays to investigate the effects of MA2
on cell migratory ability. As expected, the migratory potential was
also inhibited in both cell-line with 100 μM MA2 treatment
compared with cells without treatment (Fig. 3b).

Overexpression of FTO enhances proliferation and migratory
potential in MKN28 cells
Next, we performed transient overexpression of FTO in MKN28
cells which showed lowest endogenous FTO expression (Fig. 2a).
Forty-eight hours after transfection, the expression of FTO in
MKN28 cells was confirmed by qRT-PCR and western blotting, and
we observed that the FTO expression level was significantly
overexpressed in these cells (Fig. 3c). Thereafter, we performed
MTT assays to compare cell proliferation ability between the cells

with and without FTO overexpression. We observed consistent
results, in which MKN28 cells transfected with FTO overexpression
plasmid showed significantly higher cell proliferation ability
compared with cells transfected with the control plasmid (Fig. 3d).
Next, we performed migration assays and wound-healing assays
to assess the effects of FTO overexpression on tumour cell
migration potential. As expected, the migration potential in FTO
overexpression group was significantly higher compared with cells
transfected with the control plasmid (Fig. 3e and f). Collectively,
these results strengthened the observation that the oncogenic
function of FTO especially in proliferative and migratory potential
in multiple GC cell lines.

FTO stable knockdown and FTO inhibition suppress the
tumour growth in HGC27 xenograft model
Next, in addition to in-vitro studies, we also performed an in-vivo
xenograft animal model study to investigate whether FTO is
involved in GC cell growth. We again used HGC27 cells, which
belong to the epithelial-mesenchymal-transition (EMT) subtype,
and performed subcutaneous injection of HGC27 cells to observe
the daily tumour volume alteration in four groups (1.naive, 2.sh-
ctrl; cells transfected with control vector, 3.sh-FTO; cells trans-
fected with FTO stable knockdown vector, and 4.MA2 treatment
group). In the MA2 treatment group, we performed intratumoral
injection with 5 nmol of MA2 once a week for four weeks (Fig. 4a).
Intriguingly, while tumour volume in the naive and sh-ctrl group
continued to grow linearly, tumour growth in sh-FTO group and
MA2 treatment groups was significantly attenuated (Fig. 4b). On

Table 1. Univariate and multivariate cox proportional hazard analysis for overall survival and recurrence free survival in GC patients.

Univariate analysis Multivariate analysis

Variable HR 95%CI P-value HR 95%CI P-value

OS (n= 167)

Age ≥ 69 2.85 1.62–5.21 0.0002 3.72 1.84–7.86 0.0002

Male 1.67 0.91–3.32 0.1

Macroscopic type 3 or 4 5.46 3.11–9.98 <0.0001 1.79 0.81–4.12 0.15

Tumour size >35mm 2.95 1.64–5.64 0.0002 1.12 0.51–2.48 0.78

Poorly differentiated histology 1.55 0.90–2.70 0.11

T Stage greater than T4 7.06 3.97–13.13 <0.0001 1.83 0.78–4.45 0.17

Lymph node metastasis positive 8.35 4.15–19.17 <0.0001 4.26 1.54–13.67 0.004

Lymphatic invasion positive 4.3 1.99–11.24 <0.0001 0.45 0.12–1.65 0.22

Venous invasion positive 4.05 2.32–7.32 <0.0001 0.63 0.27–1.43 0.27

Hepatic metastasis positive 16.85 6.63–37.59 <0.0001 6.17 2.30–14.93 0.0007

Peritoneal metastasis positive 7.67 3.89–14.19 <0.0001 2.05 0.92–4.46 0.08

Distant metastasis positive 6.04 2.99–11.34 <0.0001 6.57 2.64–16.27 <0.0001

Combined m6A panel high risk 5.21 2.97–9.42 <0.0001 2.24 1.15–4.49 0.02

RFS (n= 138)

Age ≥69 2.48 1.07–6.16 0.03 1.14 0.40–3.40 0.81

Male 1.28 0.55–3.33 0.58

Macroscopic type 3 or 4 5.57 2.44–13.4 <0.0001 0.95 0.35–2.75 0.92

Tumour size >35mm 4.68 1.87–14.19 0.0007 3.11 1.05–10.66 0.04

Poorly differentiated histology 4.1 1.63–12.41 0.002 1.41 0.48–4.87 0.55

T Stage greater than T4 12.79 5.29–35.54 <0.0001 2.07 0.63–7.58 0.24

Lymph node metastasis positive 19.79 5.79–123.84 <0.0001 4.49 0.76–45.57 0.1

Lymphatic invasion positive 14.29 3.00–255.91 <0.0001 1.47 0.14–34.10 0.76

Venous invasion positive 5.34 2.31–13.28 <0.0001 1.52 0.51–4.71 0.46

Combined m6A panel high risk 11.62 4.81–31.32 <0.0001 6.46 2.21–21.00 0.0005

HR hazard ratio, CI confidence interval.
Bold indicates a statistically significant.

T. Shimura et al.

232

British Journal of Cancer (2022) 126:228 – 237



day 28, we sacrificed all the mice, and tumours collected at end
point also showed significant difference in tumour weights
between the groups, which was in line with the daily tumour
volume data (Fig. 4c and d). Overall, consistent with our in-vitro
studies, we were able to successfully demonstrate that FTO has an
oncogenic role in an animal model as well.

FTO is associated with the alteration of epithelial-
mesenchymal-transition (EMT) related genes
Our previous in-silico study revealed that the deregulation of m6A
regulators demonstrated strong associations with the activation of
EMT pathway in multiple human malignancies including gastric
cancer [25]. Having observed the tumorigenic potential of FTO
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and its association with tumour cell migration, we next examined
the expression EMT regulated genes upon FTO knockdown. The
mRNA expression level of E-cadherin was significantly higher in
sh-FTO group of HGC27 cells (Fig. 5a and b). On the other hand,
vimentin expression level was significantly downregulated in sh-
FTO group of both cell lines (Fig. 5a and b). The results of western
blot confirmed that protein expression level of vimentin was
downregulated in sh-FTO group of both cell lines (Fig. 5a and b).
These data suggest that FTO might play an oncogenic role via EMT
pathway.

DISCUSSION
Recent studies have demonstrated the role of aberrant m6A
modifications in cancer progression across various malignancies
[17–23]. Especially among them, decreased m6A RNA methylation
levels induced by FTO or ALKBH5 often exert oncogenic functions
in various cancers [17, 18, 24, 31, 32]. We previously identified a
7-gene m6A classifier and demonstrated its ability in predicting
prognosis across multiple cancers including gastric cancer [25]. We
were also intrigued by the fact that the m6A gene-derived high-
risk patients showed activation of epithelial-mesenchymal path-
way (EMT) [25]. Here we have systematically investigated the
prognostic ability of m6A genes in an independent cohort of
gastric cancer patients and elucidated the functional role of FTO in
gastric cancer progression.
Several previous studies also suggested the oncological

importance and functional role of m6A regulators including FTO
in gastric cancer [33–41]; however, currently most of these
findings are based on in-silico data analysis. In this study, we
performed a series of investigations consisting of clinical
evaluations, in-vitro and in-vivo experimental models, and we
demonstrated several additional findings that were not reported
in the previous studies. In addition to the FTO knock-down and
overexpression studies in cells, we also confirmed the oncological
functional role of FTO using an animal model derived from HGC27
cells, which possesses a strong EMT phenotype. Furthermore, we
also demonstrated the effectiveness of MA2 (FTO inhibitor) both
in cultured cells and an animal model. Our results indicated that
the FTO knock-down or inhibition altered EMT potential.

Collectively, our study strengthened and added further findings
as for the oncogenic role of FTO to the previous study in gastric
cancer.
EMT is a fundamental developmental process that is reactivated

in wound healing and a variety of diseases including cancer where
it induces the development of metastasis, resistance to treatment,
and generation and maintenance of cancer stem cells [42, 43].
There are various epigenetic modifications that are associated
with modulation of EMT; DNA methylation, histone acetylation,
RNA m6A and m5C RNA methylation, and reprogramming of the
epigenome by transcription factors or non-coding RNAs [44].
Indeed, for MALAT1 which is a major lncRNA associated with EMT
potential, two major m6A sites were found at consensus sites in
two hairpin stem structures in several human cell lines like breast
cancer [45]. The consequence of this modification would
destabilise these secondary structures and would modify interac-
tions with RNA binding proteins.
In this study, we found that stable knockdown of FTO resulted

in upregulation of E-cadherin and down-regulation of vimentin in
multiple GC-cell lines. It is suggested that FTO may be involved in
the stabilisation and overexpression of EMT related genes. Among
the previous evidence, Wang, et al, investigated the oncological
importance of m6A regulators including FTO using The Cancer
Genome Atlas (TCGA) database and Gene Expression Omnibus
(GEO) datasets, and revealed the oncogenic potential of FTO in GC
patients [41]. Furthermore, these authors predicted the demethy-
lated target gene of FTO was integrin B1 (ITGB1) and strengthened
this hypothesis by performing in-vitro analysis. However, ITGB1
was not identified by m6A sequencing, but by relevant module
and gene prediction using bioinformatic approaches. In order to
resolve the remaining poorly understood issues in our current
study, we are currently working on elucidating demethylated
targets genes by using sophisticated methodologies such as m6A
sequencing [46–50] as well as RNA-seq.
We acknowledge a couple of potential limitations to this

present study. First, our clinical validation was performed using
retrospectively collected GC specimens from a single institution,
and therefore prospective validation using independent datasets
is must to translate these findings to clinical care. We also did not
further investigate the direct FTO target genes in our FTO knock-
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down and overexpression systems as well as pre-post MA2
treatment. We are currently working on elucidating targets genes,
which will provide exciting mechanistic insights between FTO and
EMT alteration in gastric cancer.
In conclusion, here we demonstrate that m6A regulators may

serve as promising prognostic and recurrence biomarkers in GC
patients. Our functional studies revealed that FTO is an important
oncogene and may serve as a promising therapeutic target
associating with the EMT alterations in gastric cancer.
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