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Abstract

Enhanced expression of fat mass and obesity-associated protein (FTO) has been reported in gastric cancer (GC). Bioin-
formatical studies indicate that FTO expression is correlated with the patients’ overall survival (OS). How FTO exerts its
promotion effects on GC development and affects OS remains largely unknown. In this study, the prognostic relevance of
FTO expression in human GC tissues and the molecular mechanisms underlying FTO’s promotion roles were investigated.
Kaplan—Meier survival curve analysis revealed that the patients with high FTO levels had shorter OS compared to those
with low FTO expression (p <0.0001). Univariate and multivariate COX regression analyses showed that the patients’ OS
was affected by FTO status (p <0.0001, p=0.001, respectively). FTO knockdown in HGC27 cells by shRNAs reduced cell
proliferation, colony formation, migration and invasion, while FTO overexpression in AGS cells had reverse effects. FTO
knockdown in HGC27 cells also suppressed the tumor growth in a mouse xenograft model. High-throughput transcriptome
sequencing indicated that FTO enhanced the PI3K/Akt signaling, which was confirmed in vitro. In summary, our research
revealed that FTO is a potent prognostic biomarker of GC. FTO enhances the PI3K/Akt signaling and thus, promotes GC
development.
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Abbreviations

CI Confidence interval

EMT  Epithelial-mesenchymal transition
FTO Fat mass and obesity-associated protein
GC Gastric cancer

HR Hazard ratio

IHC Immunohistochemistry

m6A  N6-methyladenosine

0S Overall survival

SD Standard deviation

TCGA The Cancer Genome Atlas

TNM  Tumor node metastasis
Introduction

Gastric cancer is among the most common malignancies. It
has been reported to exceed 1 million new cases and cause
783,000 deaths worldwide, ranking the fifth highest inci-
dence rate and the third highest mortality in 2018[1]. In
China, 679,100 new cases of gastric cancer in 2015 have
been estimated, with 498,000 deaths, ranking the second to
lung cancer[2]. Despite continuous progresses in the com-
prehensive treatment, the 5-year survival rate of advanced
gastric cancer is still only 39.3-44.8% [3, 4]. Thus, intensive
understanding of molecular mechanisms that affect progno-
sis of gastric cancer is necessary to find out key molecules
in the pathogenesis of gastric cancer for therapeutic options.

RNA methylation is an important modification that regu-
late RNA translation and degradation at the post-transcrip-
tional level and associated with many physiological and
pathological processes. N6-methyladenosine (m6A), the
most common endogenous RNA modification, is regulated
by three types of key enzymes, i.e., writers, erasers and read-
ers, which are able to write, erase and read the methyl groups
in mRNA molecules, respectively [5-7]. Abnormal m6A
modification in tumor-related functional genes-transcribed
mRNA are frequently found in many tumors such as acute
granulocytic leukemia, lung cancer, liver cancer, glioma,
endometrial cancer and other tumors. Distorted regulation of
the key enzymes will lead to enhanced expression of onco-
proteins or accelerated degradation of tumor suppressors
and ultimately affects the development of tumors [8—12].
In the brain glioma stem cells, silencing the RNA methyl-
transferase METTL3 or METTL14 upregulates expression
of the oncogenes ADAM19, EPHA3 and KLF4, and simul-
taneously downregulates expression of the tumor suppres-
sor genes CDKN2A, BRCA2 and TP53, promoting growth,
self-renewal and tumorigenicity of cancer stem cells. On the
contrary, overexpression of METTL3 inhibits the growth
and colony formation of cancer stem cell [13]. Therefore,
the m6A modification of tumor-related genes’ mRNAs play
an important role in tumor development.
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Fat mass and obesity-associated protein (FTO) is the first
identified RNA demethylase that can erase m6A modifica-
tion. Deletion of m6A modification by FTO causes alterna-
tive splicing in the FTO-targeted mRNAs [14]. In tumori-
genesis, FTO targets different genes and promote tumor cell
growth in different cancers. FTO-regulated expression of
ASB2 and RARA in acute myeloid leukemia enhances cell
transformation and leukemogenesis [15], while B-catenin is
up-regulated by highly expressed FTO in cervical squamous
cell carcinoma, leading to resistance of the tumor cells to
chemo-radiotherapy [16]. Increased expression of FTO in
lung squamous cell cancer cells can enhance MZF1 expres-
sion by decreasing the m6A level in the MZF1 mRNA tran-
script to facilitate malignant phenotypes of the cells [17].
It is likely that FTO promotes cancer development through
different pathways by targeting different molecules in the
different cellular context.

Aberrant m6A methylation and enhanced FTO expression
in gastric cancer have been reported in several studies [18,
19]. Increased FTO expression promotes cell proliferation
and malignant phenotypes of gastric cancer cells by targeting
different genes [18, 20, 21]. Although bioinformatical analy-
ses indicate that FTO is a potential prognostic biomarker
[22-24], actual clinical evidence is still lacking. In this
study, we focused on prognostic value of FTO expression
in human gastric cancer tissues and the signaling pathways
involved in FTO-induced malignant phenotypes.

Material and methods
Cell lines and cell culture

Human gastric cancer cell lines (AGS, SNU-1, HGC27 and
NCI-N87) and the human fibroblast cell line HEK293T were
purchased from Procell (Wuhan, China). AGS cells and the
other gastric cancer cells were cultured in DMEM/F-12K
(Bio-Channel, China) and RPMI-1640 (Bio-Channel, China)
media supplemented with 10% fetal bovine serum (FBS,
Gibco BRL, USA), respectively, while HEK293T cells were
maintained in 10% FBS DMEM (Bio-Channel, China).

Gastric cancer tissue chip
and Immunohistochemistry

A tissue chip containing 107 gastric cancer tissues and 20
adjacent normal tissues was obtained from Department
of General Surgery, the First affiliated Hospital of Anhui
Medical University. All the patients’ death dates were docu-
mented and overall survival (OS) was calculated as the time
from the surgical operation date to the date of death.
Immunohistochemistry (IHC) analysis of FTO was per-
formed using an THC kit (9710, Maixin, China). Briefly, the
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chip was baked at 60 °C for an hour, dewaxed in xylene,
and rehydrated in decreasing concentrations of ethanol as
quidded by the manufacturer. After treated with endogenous
catalase blocking and subsequent nonspecific blocking,
the chip was incubated with 1:500 diluted FTO antibody
(ab126605, Abcam) overnight. After washing, the slide was
incubated with anti-rabbit secondary antibodies conjugated
with streptomyces biotin-horseradish peroxidase for 30 min.
DAB detection kit (DAB-G1212, Servicebio, China) was
used for the chromogenic reaction and hematoxylin was used
for counterstaining, and finally, the slide was mounted with
neutral resin.

The immunohistochemistry staining was examined dou-
ble-blindly by two independent pathologists. Based on the
intensity of FTO staining, categories and scoring of FTO
expression were created as following: negative, less than
5% positive tumor cells, 0 point; weak, 5-25% positive
tumor cells, 1 point; medium, 25-50% positive tumor cells,
2 points; strong, 50-75% positive tumor cells, 3 points; very
strong, 75% positive tumor cells, 4 points.

Tissue specimens of human gastric cancer

Surgically resected ten pairs of gastric tissue specimens
(tumor and adjacent mucosa) were collected from patients
hospitalized in the First Affiliated Hospital of Anhui Medi-
cal University and immediately frozen in liquid nitrogen
for gPCR and western blotting analyses of FTO expression.
Informed consent was obtained from each patient.

Western blotting assay

Cultured cells or tissues were lysed in RIPA lysis buffer
(Beyotime, China). After centrifugation, total protein in
the supernatants was determined by the Bradford method.
Aliquots of the supernatants containing 20 pg protein were
separated in 10% SDS-PAGE and then transferred onto Mil-
lipore PVDF membranes. The membranes were blocked for
2 h in 5% nonfat milk and incubated overnight at 4 °C with
diluted primary antibodies: anti-FTO (1:1000), anti-Vimen-
tin (1:1000), anti-E-cadherin (1:5000), anti-N-cadherin
(1:2000), anti-Akt (1:1000), anti-p-Akt (1:2000), anti-PI3K
(1:500), anti-p- PI3K (1:1000), and anti-GAPDH (1:5000).
The anti-p-PI3K was obtained from Cell Signaling Tech-
nology and the other antibodies were purchased from Pro-
teinTech. The HRP-labeled secondary goat anti-rabbit IgG
(1:10,000, ProteinTech) was applied to membranes for 2 h
at room temperature. After washing three times with TBST,
the signals were detected with a chemiluminescence detec-
tion system (Thermo Scientific, USA). GAPDH was used
as an internal control, and image J V2 software was used to
measure signal densities.

Reverse transcription and quantitative PCR
(RT-qPCR)

The total RNA was extracted from cells and tissues using
TRIzol® reagent (Invitrogen, Thermo Fisher Scientific,
USA) and 1 g of total RNA were reverse-transcribed with
HiScript Q RT SuperMix (Vazyme Biotech, China). gPCR
was performed using AceQ qPCR SYBR Green Master
Mix (Vazyme Biotech) with the following cycling param-
eters: 40 cycles of 95 °C for 10 s and 60 °C for 30 s, fol-
lowed by 95 °C for 5 min. Relative expression of each
gene was calculated using 27444 method and GADPH
expression was used as an internal normalization control.
The gene-specific primers are indicated in Table S1.

Knockdown and overexpression of FTO in gastric
cancer cells

The lentiviral vector pCLenti-U6-shRNA-CMV-Puro-
WPRE (OBiO Technology, China) was used for con-
struction of shRNA expression vectors. The expression
of shRNAs was under control of the U6 promoter using
puromycin for selection. Two shRNA sequences targeting
FTO, designated as shFTO#1 and shFTO#2, are listed in
the Table S1. For overexpression of FTO, the human FTO
gene (NM-0010804323) was inserted into the Xho1-Notl
site of the lentiviral vector pLvx (GENEWIZ, China). To
produce viral preparations, Lipofectamine 2000 (Invit-
roge, USA) was used to transfect HEK293T cells with the
knockdown or overexpression lentiviral vectors and the
packaging plasmids PsPAx and PMD2G (GENEWIZ).
After transfection, viral supernatants were collected 48
to 72 h later and added to gastric cancer cells treated with
polybrene at 10 mg/ml. After puromycin selection at 2 mg/
ml for seven days, the cells were maintained with puro-
mycin until use.

Cell viability assay

3000 cells per well were seeded into 96-well plates and
cultured in fresh 10% FBS RPMI-1640 medium for 24 h,
48 h, 72 h, or 96 h. The cell viability was determined by
adding 10 pl of Cell Counting Kit-8 (CCK-8, TargetMol,
China) and measuring absorbance at 450 nm.

Colony formation assay

1500 gastric cancer cells were plated in each well of a
6-well dish and incubated for two weeks until the cell
colonies were visible. After washing with PBS and fixa-
tion in 4% paraformaldehyde for 20 min, the cells were
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stained with 0.1% crystal violet for 15 min. The colonies
containing at least 50 cells observed under microscope
were counted.

Wound healing assay

GC cells were seeded into a 6-well plate at a density of
1 x 10°/cm?. After the cell grew to a monolayer, a wound
space in the center was made by scratching the attached cells
using a pipette tip. The cells were washed with PBS thrice to
rinse off the detached cells. Then, 2 ml of RPMI-1640 (Bio-
Channel) containing 2%FBS (Gibco) was added, the wounds
were photographed under a microscope (CKX53, Olympus,
Japan) at 0 and 24 h, and the scratch widths were measured.

Transwell invasion assay

The invasion assay was performed with the Transwell Inva-
sion Kit (Corning Incorporation, USA). Briefly, the tran-
swell inserts were added with matrix gel 1:10 diluted in
serum-free RPMI-1640 medium and incubated at 37 °C for
24 h to allow the gel solidified, and then laid onto a 24 well
plate which was added in advance with 700 ml of 10% FBS
RPMI-1640 medium per well. 3 x 10* cells in 200 ml serum-
free RPMI-1640 medium were seeded into each insert and
incubated at 37 °C for 48 h. After removal of the medium in
the inserts, the cells on the downside surface of the inserts
were fixed in 4% paraformaldehyde for 20 min and stained
with 0.1% crystal violet for 15 min. Finally, five randomly
selected sight fields under 20X microscopy were photo-
graphed and the cells were counted.

Xenograft gastric cancer model

Athymic female mice (BALB/c nu/nu; 4 weeks old) were
obtained from Huachuang Sino, were raised in a specific
pathogen-free environment and provided with free access
to food and water. After one-week acclimation, the mice
were randomly divided in three groups each having 6 mice:
control group, shFTO#1 group and shFTO#2 group. Each
mouse of the three groups was implanted in the flank with
4x 10° control HGC27 cells, shFTO1-infected HGC27 cells
or shFTO2-infected HGC27 cells. The tumor growth was
monitored every three days and the tumor volumes were
calculated using the formula of 0.5 x the length x the width?.
33 days after the implantation, all the mice were sacrificed,
and the tumors were weighed and fixed in 4% paraformal-
dehyde for IHC analysis.

High-throughput transcriptome sequencing

For high-throughput transcriptome sequencing, total RNA
was extracted from the control and shFTO knockdown
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HGC27 cells using Trizol reagent (Invitrogen, CA, USA).
The isolated mRNA samples were subjected for custom
service of GENEWIZ (Suzhou, China) with the Illumina
Novaseq 6000. Differentially expressed genes were analyzed
and signaling pathways were enriched.

Statistical analysis

Statistical analyses were performed using GraphPad Prism
8.0 (GraphPad Inc., San Diego, California) and SPSS 20.0
(SPSS Inc., Chicago, IL, USA). The data were expressed
as mean =+ standard deviation (SD). Student's ¢ test or one-
way ANOVA was used to compare two groups or multiple
groups. p <0.05 was considered statistically significant.

Results

Enhanced FTO expression was positively associated
with poor prognosis of gastric cancer patients

For investigation of the relationship between FTO expres-
sion and prognosis, a human tissue chip containing 107
gastric cancer tissues and 20 adjacent normal tissues was
used for immunohistochemical evaluation of FTO expres-
sion (Fig. 1a). Enhanced FTO expression was found mainly
in the nucleus of gastric cancer cells (Fig. 1b). FTO expres-
sion scoring for each specimen was made on the basis of
its IHC intensity, and the patients were divided into low
FTO expression (n=63) and high FTO expression (n=44)
groups. Figure 1b showed the representative FTO staining
images of the high and low groups. The clinicopathological
features including age, sex, tumor differentiation, tumor size,
tumor site, tumor depth, lymph node metastasis, TNM were
summarized in Table S2. Analysis of the associations of
these features with FTO expression status indicated that only
lymph node metastasis was significantly correlated, with the
p value of 0.0003, respectively (Table S2). Further explora-
tion of the correlation of FTO expression status with the
patients’ OS using the Kaplan—Meier survival curve revealed
that the patients with high FTO levels had shorter OS time
compared to those with low FTO expression (p <0.0001),
with a hazard ratio (HR) of 3.989 (Fig. 1c). Univariate
COX regression analysis showed that the patients’ OS was
affected by lymph node metastasis (p =0.005), TNM stage
(»<0.037) and FTO status (p <0.0001), while multivariate
COX regression analysis revealed that the FTO score was the
only factor influencing the OS, with p=0.001, HR=5.291
and 95% CI 1.893-14.78 (Tablel), indicating that high FTO
expression in gastric cancer cells was a potent biomarker
for poor prognosis of gastric cancer patients. Consistent
with the results described above, a correlation of high FTO
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Fig.1 FTO expression in gastric cancer tissues and its prognostic value
Tablg 1 Univariate and . Variables OS univariate OS multivariate
multivariate cox regression
analysis of prognostic factors in HR (95% CI) p value HR (95%CI) p value
gastric cancer patients
FTO status 4.057 (2.300-7.158) <0.0001 4.059 (2.131-7.729) <0.0001
Gender (male vs female) 0.912 (0.512-1.624) 0.753 1.303 (0.726-2.337) 0.977
Age (<61 vs >61) 1.271 (0.731-2.210) 0.395 1.303 (0.726-2.337) 0.375
Site (proximal vs distal) 1.157 (0.645-2.076) 0.624  0.826 (0.425-1.606) 0.573
Tumor size (<6 cmvs>6cm)  0.677 (0.397-1.156) 0.153  0.576 (0.321-1.031) 0.063
Depth (1/2 vs 3/4) 1.589 (0.833-3.030) 0.160 1.614 (0.693-3.758) 0.267
Differentiation (1 vs 2) 1.659 (0.924-2.977) 0.090 1.164 (0.580-2.337) 0.669
Node (negative vs positive) 3.764 (1.494-9.487) 0.005 1.255 (0.352-4.476) 0.727
TNM Stage (T1-2 vs T3—4) 1.979 (1.041-3.763) 0.037 1.001 (0.408-2.458) 0.998

The p value in bold indicates that the p value is statistically significant (p value <0.05)

CI confidence interval, HR hazard ratio, /HC immunohistochemistry, OS overall survival, TNM tumor node

metastasis

expression with poor prognosis in gastric cancer patients
was also concluded from the TCGA database (Fig.S1).

We further detected FTO expression in ten pairs of gas-
tric cancer and adjacent tissues. As shown in Fig. 1d, qPCR
analysis indicated that the mRNA expression was obviously
higher in the gastric cancer tissues than in the adjacent
tissues. Similarly, the protein levels in the cancer tissues
detected by western blotting were significantly increased
compared to those in the adjacent tissues (Fig. le).

A human gastric tissue chip containing 107 gastric cancer
tissues and 20 adjacent tissues was used for IHC staining
of FTO (a). Representative images of high and low FTO
expression in the gastric cancer tissues from the tissue chip
were shown (b). The association of FTO expression with the
patients’ overall survival was analyzed by the Kaplan—Meier

curve (c). FTO expression in 10 pairs of frozen gastric can-
cer tissues and the adjacent tissues was detected by gPCR (d)
and western blotting, using GAPDH as an internal control
(e). The SPSS 20.0 software was used for statistical analyses,
and *** represents a p value less than 0.001.

FTO promoted malignant phenotypes of gastric
cancer cells in vitro

Examination of FTO expression in four gastric cancer cell
lines by qPCR and western blotting revealed that, although
FTO expression was detected in all the four gastric can-
cer cell lines, the expression levels were much higher in
HGC27 and NCI-N87 cells than in AGS and SNU-1 cells
(Fig. S2a, b). HGC27 cells and AGS cells were chosen to
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establish FTO knockdown or FTO-overexpressed cells for
studying the impact of FTO expression on malignant phe-
notypes of gastric cancer cells. In the HGC27 cells infected
with the lentiviruses expressing FTO shRNAs (shFTO#1 or
shFTO#2), both FTO protein and mRNA expression were
significantly knocked down as detected by western blotting
and qPCR (Fig. S2c, d). Also, enhanced FTO protein and
mRNA expression was observed in the AGS cells stably
overexpressing FTO, compared with the cells infected with
the vacant lentiviral vector (Fig. S2e, f).

The effects of FTO expression in gastric cancer cells on
malignant phenotypes, including cell proliferation, colony
formation, migration and invasion, were examined in vitro.
Knockdown of FTO expression by shFTO#1 or shFTO#2
in HGC27 cells significantly reduced the cell proliferation

as compared with the irrelevant control RNA (Fig. 2a).
Similarly, the colony number in the FTO-knocked down
HGC?27 cells was significantly fewer than that in the control
cells (Fig. 2b), displaying that ability of colony formation
was influenced by FTO expression. As shown in Fig. 2c,
the wound healing assay revealed that FTO knockdown
depressed the cell migration. Also, the invasion ability of
HGC?27 cells detected by Transwell assays was remarkably
reduced by FTO knockdown (Fig. 2d). Western blotting
detection and subsequent density determination showed
that in the FTO-knocked down HGC27 cells, E-cadherin
protein level were significantly increased, while vimentin
and N-cadherin protein levels were significantly decreased
(Fig. 2e), indicating that increased cell migration and inva-
sion abilities in gastric cancer cells are probably due to
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FTO-induced epithelial-mesenchymal transition (EMT).
In contrast to the FTO-knocked down HGC27 cells, FTO
overexpression in the AGS cells enhanced cell proliferation,
colony formation, migration, invasion and EMT (Fig. 3).
Knockdown of FTO overexpression in HGC27 cells was
performed using a lentiviral vector expressing shRNAs for
human FTO. The cell proliferation (a), colony formation
(b), migration (c) and invasion (d) were compared between
the irrelevant RNA-expressing control vector (shCtrl) and
the shRNA-expressing vector (shFTO#1 and shFTO#2) by
Cell Counting Kit-8, dish colony formation, wound healing
assay and Transwell invasion assay, respectively. E-cadherin,
N-cadherin and vimentin, markers for epithelial-mesenchy-
mal transition (EMT), were detected by western blotting and

quantified using Image J, with GAPDH as an internal control
(e). Data from at least three independent experiments are
expressed as mean + SD; The SPSS 20.0 software was used
for statistical analyses. *, ** and *** represent p values less
than 0.05, 0.01 and 0.001, respectively.

FTO overexpression in AGS cells was performed using a
lentiviral vector expressing human FTO. The cell prolifera-
tion (a), colony formation (b), migration (c) and invasion (d)
were compared between the vacant control vector (control)
and the expressing vector (FTO) by Cell Counting Kit-8,
dish colony formation, wound healing assay and Transwell
invasion assay, respectively. E-cadherin, N-cadherin and
vimentin, markers for EMT, were detected by western blot-
ting and quantified using Image J, and GAPDH was used as
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an internal control (e). Data from at least three independent
experiments are expressed as mean + SD; The SPSS 20.0
software was used for statistical analyses. *, ** and *** rep-
resent p values less than 0.05, 0.01 and 0.001, respectively.

Knockdown of FTO expression reduced tumor
growth in a mouse xenograft model

For confirmation of the FTO promotion effect on gastric
cancer growth in vivo, a xenograft model in nude mice was
established, in which the HGC27 cells infected with the con-
trol, shFTO#1 or shFTO#2 viruses were implanted in the
flank of the mice (Fig. 4a). Monitoring the tumor volume
every 3 days revealed that knockdown FTO expression either
by shFTO#1 or by shFTO#2 remarkably inhibited the tumor
growth, as compared with the control group (Fig. 4b). As
shown in Fig. 4c, d, the tumor size and weight were also
decreased by both the shRNAs. Expectedly, IHC examina-
tion of the tumor tissues found that expressions of FTO and
Ki67 (a marker for proliferative cells) were repressed by the
shRNAs (Fig. 4e), and the level of E-cadherin was increased,
while vimentin and N-cadherin expression levels were sig-
nificantly decreased (Fig. S3).

BALB/c nude mice were implanted in the flank with
HGC27 cells infected with the control, shFTO#1 or
shFTO#2 lentiviruses and observed for 33 days (a). The
growing tumor volume was monitored every 3 days (b). The

a

tumor size and weight at sacrifice are shown (c, d). Data are
presented as means +sem. The SPSS 20.0 software was used
for statistical analyses. *, ** and *** represent p values less
than 0.05, 0.01 and 0.001, respectively. Expression of FTO
and Ki67 in the tumor tissues was examined by IHC. The
scale bars, 100 pm (e).

The PI3K/Akt signaling pathway mediated
FTO-induced promotion of gastric cancer

For understanding of the molecular mechanisms underlying
the FTO-induced promotion roles in gastric cancer pheno-
types, the HGC27 cells infected with the control viruses
or the sShARNA#1 were subjected for high-throughput tran-
scriptome sequencing. A total of 20 differentially expressed
genes were induced by FTO knockdown (Fig. 5a), with
ten up-regulated and ten down-regulated (Fig. 5b). KEGG
pathway analysis showed that the differentially expressed
genes were significantly enriched in the PI3K/Akt pathway
(Fig. 5¢). As a result, Western blotting was used to detect the
expression of the PI3K/Akt pathway-associated proteins in
the manipulated gastric cancer cells. Knockdown of FTO in
HGC27 cells by either shRNA#1 or shRNA#2 did not alter
the protein levels of Akt and PI3K (Fig. 5d). However, phos-
phorylated Akt and PI3K were reduced by both shRNA#1
and shRNA#2 (Fig. 5d, e). Contrary to FTO knockdown in
HGC27 cells, FTO overexpression in AGS cells increased
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Fig.5 High-throughput transcriptome sequencing and signaling pathway analysis

the phosphorylated Akt and PI3K, while the total amounts
of Akt and PI3K remained unchanged (Fig. 5d, f). These
results further confirmed that FTO enhanced the PI3K/Akt
signaling in gastric cancer cells.

The HGC27 cells infected with the control lentiviruses or
the shRNA#1 lentiviruses were subjected for high-through-
put transcriptome sequencing. The heatmap and volcano plot
of the differentially expressed genes are shown in (a, b).
The altered signaling pathways were analyzed by the KEGG
pathway enrichment analysis and the most relevant pathway
was the PI3K/Akt signaling pathway (c). Phosphorylated
PI3K and Akt in the FTO-knocked down HGC27 cells or
FTO-overexpressed AGS cells were detected by western
blotting (d) and their relative amounts were quantified with
Image J (e, f). Data from at least three independent experi-
ments are expressed as mean + SD. The SPSS 20.0 software
was used for statistical analyses. * and ** represent p values
less than 0.05 and 0.01, respectively.

SC79, a permeable Akt phosphorylation activator that
is able to enhance the PI3K/Akt signaling, was used to
observe whether FTO knockdown-induced inhibitory
effects on the PI3K/Akt signaling and malignant phe-
notypes of gastric cancer can be rescued. As expected,
shFTO#1 suppressed HGC27 cell proliferation. Addi-
tion of SC79 to shFTO#1-infected HGC27 cells largely
restored the shFTO#1-induced suppressing effect on cell
proliferation (Fig. 6a). Similarly, the decreases in the col-
ony formation and cell invasion caused by shFTO#1 were

reversed by SC79 (Fig. 6b, ¢). The down-regulated vimen-
tin and N-cadherin and up-regulated E-cadherin induced
by shFTO#1 were partially inverted by the treatment of
SC79 (Fig. 6d). Examination of phosphorylated PI3K and
Akt by western blotting confirmed that the inhibited PI3K/
Akt signaling caused by shFTO#1 was also recovered by
SC79 (Fig. 6e). These results demonstrate that promotion
effects of FTO on malignant phenotypes of gastric can-
cer cells are, at least partially, via the PI3K/Akt signaling
pathway.

HGC27 cells were infected with the shRNA#1 lentivi-
ruses to knockdown FTO and added with or without SC79,
a PI3K/Akt pathway activator. The cell proliferation (a),
colony formation (b), and invasion (c) were compared
between the irrelevant RNA-expressing control lentivirus
(shCtrl), the shRNA-expressing lentivirus (sShFTO#1), and
shFTO#1 plus SC79 by Cell Counting Kit-8, dish colony
formation, and Transwell invasion assay, respectively.
E-cadherin, N-cadherin and vimentin, markers for EMT,
were detected by western blotting and quantified using
Image J, with GAPDH as an internal control (d). Phospho-
rylated PI3K and Akt were detected by western blotting
and their relative amounts were quantified with Image J
(e). Data from at least three independent experiments are
expressed as mean + SD. The SPSS 20.0 software was used
for statistical analyses. *, ** and *** represent p values
less than 0.05, 0.01 and 0.001, respectively.
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Discussion

It has been reported that enhanced FTO expression promotes
tumor malignancy in several cancers [25, 26]. FTO expres-
sion is also up-regulated in gastric cancer and promotes cell
proliferation and metastasis [18, 19]. Bioinformatic analy-
ses reveal that up-regulated FTO is associated with poor
prognosis in gastric cancer [21]. In the current study, we
addressed two questions: (1) FTO expression in gastric can-
cer tissues and its association with the patients’ prognosis;
and (2) the molecular mechanisms underlying enhanced
FTO expression in gastric cancer. By using a tissue chip

@ Springer

containing 107 gastric cancer tissues, we found that the
FTO expression status detected by IHC was significantly
and negatively correlated with the patients’ OS. Examination
of FTO expression by qPCR and western blotting knocking
confirmed higher FTO expression in gastric cancer tissues
than their adjacent normal tissues as previously reported.
We further demonstrated that FTO reinforced malignant
phenotypes of gastric cancer cells including cell prolifera-
tion, colony formation, migration and invasion in vitro and
promoted tumor growth in mice by using FTO knockdown
and overexpression techniques. Also, high-throughput tran-
scriptome sequencing of the FTO-knocked down and the
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control HGC27 cells showed that the differentially expressed
genes were significantly enriched in the PI3K/Akt pathway,
one of the most frequently activated signaling pathways in
human cancer [27, 28]. Enhanced PI3K/Akt signaling in gas-
tric cancer can result from many factors, such as aberrant
protein expression, non-coding RNAs, and RNA methylation
[21, 29-32], indicating that the pathway plays an important
role in gastric cancer development. Thus, by combined use
of FTO knockdown and the Akt phosphorylation activator
SC79 in HGC27 cells, we confirmed that FTO exerted its
promotion roles via the PI3K/Akt pathway. Taken together,
increased FTO expression in gastric cancer enhances PI3K/
Akt signaling to promote malignant behaviors of the cancer
cells and thereby, affects prognosis of the patients.

FTO is an RNA demethylase that can erase methyl groups
of RNAs especially in N-6 methyladenosine and influence
the turnover, splicing and translation of mRNA molecules.
FTO-targeted mRNA molecules are quite different in dif-
ferent types of cells. Exonic splicing of adipogenic regu-
latory factor RUNX1T1 regulated by FTO is required for
adipogenesis [14], while FTO-controlled expression of
ASB2 and RARA in acute myeloid leukemia, f-catenin
in cervical squamous cell carcinoma, and MZF1 in lung
squamous cell cancer cells are necessary for maintaining
and promoting malignancy [15-17]. In gastric cancer, the
mo6A level in the mRNA of ITGB1, an integrin subunit,
is modified by FTO, and overexpressed ITGB1 partially
reverse FTO knockdown-inhibited migration and invasion
[21]. It is likely that FTO-targeted mRNA molecules vary
depending on different cells. However, it is possible that
FTO targets a variety of mRNA molecules even in a single
cell. How these FTO-targeted mRNA molecules synergize
each other to promote tumorigenesis remains to be clari-
fied. Although our results demonstrate that FTO has critical
roles in gastric cancer development, there were some pitfalls
and drawbacks in present study. First, this study sought to
investigate whether FTO has clinical significance in gastric
cancer as well as how it affects phenotypic features of cells,
but the direct RNA targets of FTO as well as the compli-
cated roles of m6A modifications on gastric cancer has not
been explained. Further studies should be applied to find
the direct targets of FTO by using a series of methods such
as m6A-sequencing and RIP-sequencing. At the same time,
the specific regulation mechanism of PI3K/Akt signaling
pathway by FTO as m6A modifications eraser has not been
clarified yet, but this is also an important research direction
of our future experiments.

In conclusions, we systemically investigated FTO expres-
sion in gastric cancer and its roles in gastric cancer devel-
opment. The results indicated that FTO expression was
enhanced in a gastric cancer tissue chip and the expression
status was inversely correlated with the patients’ OS, show-
ing that FTO expression is a potent prognostic biomarker.

Manipulation of FTO expression in gastric cancer cells by
knockdown and overexpression demonstrated that FTO
enhanced the PI3K/Akt signaling to promote the cell prolif-
eration, colonization, and invasion in vitro and tumor growth
in mice. Our findings suggest that FTO is a promising thera-
peutic target for gastric cancer.
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