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Abstract: N6-methyladenosine (m6A) acts as the most common mRNA modification in mammal cells. Fat Mass and
Obesity-associated protein (FTO) is the firstly identified demethylase in the m6A modification. This research tries to
discover the potential roles of FTO in the m6A modification in the hepatocellular carcinoma (HCC). FTO level was
found to be up-regulated in the HCC tissue and cells. The over-expression of FTO was correlated to the poor progno-
sis of HCC individuals. Knockdown of FTO suppressed the proliferation and in vivo tumor growth, and induced the
GO/G1 phase arrest. Mechanically, FTO triggered the demethylation of PKM2 mRNA and accelerated the translated
production. Overall, this finding suggests the critical function of FTO in the HCC oncogenesis and its m6A modifica-

tion.
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Introduction

Hepatocellular carcinoma (HCC) acts as one of
the most common cause of cancer-related mor-
tality, causing an extraordinarily prevalence
rate worldwide [1, 2]. The HCC patients are suf-
fered from chronic hepatitis B virus infection or
exposed to aflatoxin [3]. The clinical phenome-
non that HCC patients are diagnosed at later or
advanced stage make the therapeutic effect
much worse [4]. Thus, the effective therapeutic
strategy for the HCC requests us to discover
the authentic molecular mechanism.

N6-methyladenosine (m6A) modification is re-
garded as the most prevalent chemical modifi-
cations in RNAs [5]. Outside besides the m6A
there are still hundreds of chemical modifica-
tions for the eukaryocyte mRNA. High through-
put sequencing technology could discover and
identify the distribution and enrichment of RNA
m6A modification [6]. Previous studies reveal
that RNA m6A methylation occurs at the N-6
adenosine residue and the motif is specifically
located in the RRACH. Among the motif, the R
means the G or A purine and H means either A,

C or U. The mBA methylation of mRNA was
catalyzed by methyltransferase METTL3, ME-
TTL14 and WATP [7]. In breast cancer, the criti-
cal m6A demethylase FTO is up-regulated and
promoted breast cancer cell proliferation, colo-
ny formation and metastasis in vitro and in vivo.
Epigenetically, FTO mediated m6A demethyl-
ation on 3’-UTR of BNIP3 mRNA via an YTHDF2
independent manner to induce its degradation
(8.

In the HCC tumorigenesis, the m6A modifica-
tion is still unclear [9, 10]. In this research, we
found that Fat Mass and Obesity-associated
protein (FTO) is up-regulated in the HCC tissue
and indicated the poor prognosis of HCC
patients. The demethylation of PKM2 was actu-
ated by the FTO. This finding might provide inter-
esting mechanism for the HCC tumorigenesis.

Materials and methods
Clinical HCC tissues collection

There were thirty pairs of HCC tissues as well
as their adjacent normal tissues were collected
for the study. The study had obtained the ethi-


http://www.ajtr.org

FTO facilitates HCC via PKM2

cal approval from the ethics committee of No.
900 Hospital of the Joint Logistic Support
Force. The obtained tissue was straightway
frozen at -80°C for subsequent RNA isolation.
Signed informed consents were gotten before
this study.

Cell culture

HCC cell lines (HepG2, Hep3B, Huh7, SMMC-
7721) and normal liver cell lines (Lo-2) were
commercially provided by the Cell Bank of Ty-
pe Culture Collection (Chinese Academy of
Sciences, Shanghai, China). All cell lines were
maintained in DMEM (Gibco, Gaithersburg,
MD, USA) in a moist incubator (5% CO, at 37°C)
and added with 10% fetal bovine serum (FBS,
Gibco).

Transfection

For FTO knockdown, shRNA targeting FTO and
control (sh-NC) were synthesized by RiboBio
(Guangzhou, China) and then transfected into
the HepG2 cells. PKM2 overexpression plasmid
was synthesized and constructed into the
pcDNAS3 vector by RiboBio, and then transfect-
ed into the cells. All the transfection was
performed using Lipofectamine2000 reagent
(Invitrogen, Carlsbad, CA, USA) in accordance
with the manufacturer’s instructions. The
sequences were presented in the Table S1.

gRT-PCR analysis

Total RNAs for FTO and PKM2 were isolated
from HCC tissues and cells by the TRIzol rea-
gent (Invitrogen, Carlsbad, CA, USA). For the
complementary DNA (cDNA), the Transcriptor
First-Strand cDNA Synthesis kit (Roche Di-
agnostics, Mannheim, Germany). gqRT-PCR was
performed by SYBR Green PCR Master Mix
(Applied Biosystems) on an ABI7500 Real-
time. Relative expression level was calculated
using the 222°t methods normalized to GAPDH.

Colony formation assay

The cell proliferation of HCC cells were deter-
mined by performing colony formation assay.
HCC cells (HepG2) were cultured in DMEM
containing 10% FBS and placed to the 6-well
plates (500 cells/well) and preserved in for
about two weeks. After two weeks later, the
colonies was fixed using methanol and stained
by 0.1% crystal violet (SigmaAldrich, St. Louis,
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MO, USA). Finally, the colonies more than 50
cells were manually calculated under light
microscope.

Cell cycle distribution assays

Cell cycle distribution assays were carried out
using the flow cytometric analysis. After the cel-
lular transfection with sh-RNA or the controls,
cells were collected and stained with the prop-
idium iodide (PI) using Annexin V/propidium
iodide detection kit (KeyGen Biotech Co.,
Nanjing, China).

Western blot analysis

The protein lysate was isolated and then
separated using SDS-PAGE onto the 10% gels.
Proteins were electrophoretically transferred
onto polyvinylidene difluoride membranes
(PVDF, Roche). Anti-beta-actin monoclonal
antibody and anti-PKM2 (ab137852, Abcam)
monoclonal antibody were incubated with the
PVDF membrane and then blocked with 10%
skim milk. Extraction was probed with antibod-
ies at 4°C overnight and with secondary anti-
body for 2 h at room temperature. Enhanced
chemiluminescence system (ECL) was adminis-
trated to detect the proteins and X-ray film was
used to expose it.

m6A quantification

The mRNA global m6A levels in the OS tissue
and cells were detected using the EpiQuik m6A
RNA Methylation Quantification Kit (Epigentek,
Colorimetric) following the manufacturer’s pro-
tocol. 200 ng poly-A-purified RNA was used for
each sample analysis.

m6A-RNA immunoprecipitation

mM6A-RNA immunoprecipitation (Me-RIP) was
performed as previously described [11]. Total
RNA was extracted from the HepG2 cells. The
extracted RNA was immunoprecipitated with
mO6A antibody using Magna methylated RNA
immune-precipitation (MeRIP) m6A Kit (Merck
Millipore) according to the manufacturer’s pro-
tocols. The immunoprecipitated RNA was ana-
lyzed using quantitative reverse-transcription
polymerase chain reaction (RT-PCR).

Xenograft transplantation
The neonatal nude mice (5 weeks old) were

provided by the Slac Laboratory Animal Center
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Figure 1. The ectopic over-expression of FTO indicated the poor prognosis of HCC patients. A. The expression of FTO
in the HCC tissue was detected using RT-PCR. B. The expression of FTO was also analysed in each paired HCC tissue
and normal tissue. C. The TCGA dataset showed the highly expressed level of FTO in the HCC tumor tissue compared
to the normal control. D. The prognosis analysis of HCC patients who identified with high FTO level or low FTO level
using Kaplan-Meier method. E. The percentage of m6A content in the total RNA was tested in the HCC tissue. Data

are presented as means + SD. **P < 0.01.

(Shanghai, China). The ethical approval for this
animal assay was gained from the hospital and
done in accordance with institutional guide-
lines. The transfected cells (2x10°) were direct-
ly subcutaneously injected in to flank of mice.
The width and length were measured every six
days. After three weeks, the mice were killed
and the necropsies were weighted.

Statistical analysis

Statistical analyses were carried out using
GraphPad Prism vision 7.0 and SPSS vision
19.0. The statistical difference was calculated
by Student t-test or one-way ANOVA, Mann-
Whitney U test. The correlation analysis was
analyzed using the Pearson’s correlation and
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clinical prognosis was analyzed using Kaplan-
Meier. P < 0.05 was statistical significance.

Results

The ectopic over-expression of FTO indicated
the poor prognosis of HCC patients

The expression of FTO in the HCC tissue was
detected in the recruited specimens, showing
the high-expression of FTO in the HCC (Figure
1A). Similarly, the expression of FTO was also
analysed in each paired HCC tissue and normal
tissue (Figure 1B). The TCGA dataset showed
that the level of FTO was highly expressed in
the HCC tumor tissue compared to the normal
control (Figure 1C), which was in accord with
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Figure 2. FTO knockdown represses the HCC progression and up-regulated the m6A level. A. RT-PCR revealed the
over-expression of FTO in the HCC cell lines (HepG2, Hep3B, Huh7, SMMC-7721). B. The relative m6A level in the
HCC cells was measured by the m6A RNA methylation quantification. C. The short hairpin RNA targeting FTO was
transfected to construct the knockdown of FTO. D. The relative m6A level in the HepG2 cells transfected with the
sh-FTO. E. Colony formation assay illustrated the proliferative ability of HepG2 cells. F. Cycle analysis conducted by
the flow cytometry indicated the GO/G1 phase arrest. G, H. In vivo heterotransplantation assay showed the tumor

growth of HCC cells (HepG2). Data are presented as means + SD. **P < 0.01.

the clinical statistics. Moreover, the prognosis
analysis of HCC patients who was divided into
high FTO level and low FTO level indicated that
the high expression of FTO predicted the lower
survival rate for HCC individuals (Figure 1D).
The percentage of m6A content in the total
RNA was found to be reduced in the HCC
tissue as compared to normal samples (Figure
1E). Overall, the ectopic over-expression of
FTO indicated the poor prognosis of HCC
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patients, and correlated with the lower m6A
content in HCC.

FTO knockdown represses the HCC progres-
sion and up-regulated the m6A level

The expression of FTO was measured using
the RT-PCR, revealing the over-expression of
FTO in the HCC cell lines (HepG2, Hep3B,
Huh7, SMMC-7721) (Figure 2A). The relative
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Figure 3. FTO triggers the demethylation of PKM2. A. The expression level of PKM2 was analyzed in the TCGA da-
tabase. B. RT-PCR showed the level of PKM2 in the HCC cells (HepG2). C. The interaction of PKM and PKM2 was
analyzed using the GEPIA database. D. The motif of FTO was analyzed by the RMBase V2.0 database (http://rna.
sysu.edu.cn/rmbase/). E. Methylated RNA immune-precipitation gPCR (Me-RIP qPCR) showed the enrichment of
PKM2 mRNA using the m6A-specific antibody. F. RT-PCR showed the PKM2 mRNA. G. Western blot analysis showed
the PKM2 protein with or without FTO knockdown. Data are presented as means + SD. **P < 0.01.

mo6A level in the HCC cells was measured by
the m6A RNA methylation quantification, show-
ing the low m6A level in the HCC cells (Figure
2B). The short hairpin RNA targeting FTO was
transfected to construct the knockdown of
FTO (Figure 2C). Moreover, the knockdown of
FTO could facilitate the m6A level in HepG2
cells (Figure 2D). Colony formation assay illus-
trated that knockdown of FTO weaken the pro-
liferative ability of HepG2 cells (Figure 2E).
Cycle analysis conducted by the flow cyto-
metry indicated that knockdown of FTO induced
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the GO/G1 phase arrest as compared to the
controls (Figure 2F). In vivo heterotransplanta-
tion assay showed that knockdown of FTO alle-
viated the tumor growth of HCC cells (HepG2)
(Figure 2G, 2H). Overall, our data found that
FTO knockdown represses the HCC progres-
sion and up-regulated the m6A level.

FTO triggers the demethylation of PKM2

Previous research indicated that there were
series of proteins acted as the targets of FTO,

Am J Transl Res 2019;11(9):6084-6092
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Figure 4. FTO coordinately targets PKM2 to regulate HCC progression. A. The level of PKM2 mRNA measured by the
RT-PCR in HepG2 cells transfected with sh-FTO and PKM2 over-expression. B. Apoptosis by flow cytometry showed
the cellular distribution of GO/G1, S and G2/M phase. C. Colony formation assay showed the clones number. D. The
long term survival analysis calculated by the Kaplan Meier-plotter analysis for the survival of HCC patients. Data are

presented as means + SD. **P < 0.01.

including PKM2 [12]. The expression level of
PKM2 was found to be up-regulated in the
TCGA database (Figure 3A). In the HCC cells
(HepG2), level of PKM2 was also found to be
up-regulated (Figure 3B). The interaction of
FTO and PKM2 was analyzed using the GEPIA
database, suggesting the positive correlation
within them (Figure 3C). The motif of FTO
was analyzed by the RMBase V2.0 database
(http://rna.sysu.edu.cn/rmbase/) (Figure 3D).
Methylated RNA immune-precipitation gqPCR
(Me-RIP gPCR) showed that PKM2 mRNA was
significantly enriched with m6A-specific anti-
body, and FTO knockdown decreased the pre-
cipitated m6A level (Figure 3E). The FTO knock-
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down could reduce the PKM2 mRNA (Figure
3F). Western blot analysis showed that FTO
knockdown could reduce the PKM2 protein
(Figure 3G). Therefore, this finding illustrates
that FTO triggers the demethylation of PKM2.

FTO coordinately targets PKM2 to regulate
HCC progression

Given the demethylation of PKM2 was induced
by the FTO, the expression of PKM2 was regu-
lated by FTO. In further experiments, the PKM2
over-expression plasmid transfection could
up-regulate the inhibition induced by FTO
silencing (Figure 4A). Apoptosis by flow cytom-

Am J Transl Res 2019;11(9):6084-6092
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etry showed that PKM2 over-expression could
reverse the G1/G2 phase arrest induced by the
FTO silencing (Figure 4B). Colony formation
assay showed that PKM2 over-expression
could reverse the clones number induced by
the FTO silencing (Figure 4C). The long term
survival analysis calculated by the Kaplan
Meier-plotter analysis showed that the higher
PKM2 indicated the poorer survival of HCC
patients (Figure 4D). Overall, this finding sug-
gests that FTO coordinately targets PKM2 to
regulate HCC progression.

Discussion

The critical roles of N6-methyladenosine (m6A)
are increasingly important in recent years
[13]. One thing researchers consistently agree
on is that the m6A modification for mRNA is a
reversible and dynamic modification in eukary-
otes [14, 15]. The reversible m6A modification
regulates series of biological progression, such
as RNA stability, alternative splicing, mRNA
translation [16, 17]. The sites of m6A modifica-
tion always occurs at gene coding regions and
3-UTRs with the consensus sequence RRACH
region (R indicates G or A; H indicates A, C or
U) [18, 19]. In the HCC, multiple essential m6A
regulatory enzymes have been reported, such
as METTL3, METTL14.

Fat Mass and Obesity-associated protein (FTO)
is a vital demethylase in the dynamic m6A mod-
ification. FTO protein is a subgroup of the Fe2+
and o-ketoglutarate (a-KG) dependent oxygen-
ase family. The role of FTO in the m6A modifica-
tion has been recognized. For example, Li J et al
find that FTO level is overexpressed in human
NSCLC and acts as an oncogene in the pro-
cess. FTO could reduce the m6A content and
increase the mRNA stability of ubiquitin-specif-
ic protease (USP7) [20]. In lung squamous cell
carcinoma (LUSC), FTO is the major dysregulat-
ed protein that responsible for the aberrant
m6A modification and FTO reduces the m6A
level of MZF1 mRNA to enhance the mRNA sta-
bility and MZF1 protein expression [21].

In this research, we found that FTO was up-reg-
ulated in the HCC tissue and cells. Besides, the
mo6A level in the HCC cells was increased when
the FTO was silenced, which was in accord with
the demethylatal biological roles. The function-
al assay indicated that the knockdown of FTO
could repress the HCC progression, e.g. prolif-
eration and apoptosis. In vivo mice assay, we
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found that the knockdown of FTO could rep-
ress the tumor growth. Therefore, this finding
suggests that the FTO functions as an
oncogene in the HCC oncogenesis, and FTO
might regulate the demethylation of mRNA
thereby promoting the pathogenesis.

More than FTO, there are multiple regulators
responsible for the methylation and demethyl-
ation [22]. Other m6A modification genes,
including METTL3, METTL14 and WATP, could
install the methylation of their target mRNA.
Other m6A modification genes, including FTO
and ALKBH5 could remove the methylation
[23]. These factors could construct the dynam-
ic and reversible process. Previous research
have indicated that methyltransferase MET-
LL3 was up-regulated in the HCC and METTL3
enhance the METTL3-mediated m6A modifica-
tion for its target SOCS2 [24]. Based on this,
METTL3 installs the methylation of HCC tissue.
In our finding, we found that FTO could relieve
the methylation of PKM2 mRNA, thereby up-
regulating the expression of PKM2.

Pyruvate kinase (PKM2) is a group of glycolysis
pyruvate kinase isoenzyme, encoded by the
PKM gene [25, 26]. PKM2 promotes the flux of
glucose-derived carbons for ATP production via
oxidative phosphorylation and accelerates
the glucose metabolism towards anabolism
through aerobic glycolysis [27]. Our results
showed that the level of PKM2 was up-regulat-
ed in the HCC tissue, and the ectopic expres-
sion indicated the poor prognosis.

In conclusion, we found the overexpression of
demethylase FTO in the HCC tissue and cells.
FTO could regulate the demethylation of PKM2
in the HCC. This finding indicates the oncogenic
role of FTO in the HCC, providing the potential
target of HCC treatment.
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Table S1. Primers sequences for qRT-PCR and
sequences of shRNA

Sequences

FTO Forward, 5’-ACTTGGCTCCCTTATCTGACC-3’
Reverse, 5-TGTGCAGTGTGAGAAAGGCTT-3’

PKM2 Forward, 5’-ATGTCGAAGCCCCATAGTGAA-3’
Reverse, 5’-TGGGTGGTGAATCAATGTCCA-3’

sh-FTO-1 5’-AATCGGCCTCCTCTTGT-3’

sh-FTO-2 5-ATTAAGTTCCCGCCAGCCGT-3’

GAPDH Forward, 5’-AGAAGGCTGGGGCTCATTTG-3’
Reverse, 5-AGGGGCCATCCACAGTCTTC-3’




