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Abstract: In 2007, the fat mass and obesity-associated (FTO) gene was discovered initially to
regulate body mass index and obesity and was subsequently found to be the first mRNA N6-
methyladenosine (m6A) demethylation enzyme, which can demethylate m6A. A growing body
of evidence shows that m6A modification is involved in a variety of cell biological processes,
including cell proliferation, apoptosis, and self-renewal through different regulatory mechan-
isms. In recent years, a large number of studies have found that m6A modification play key role
in the occurrence and development of tumors, such as acute myeloid leukemia, breast cancer,
lung cancer, etc. As a function of m6A demethylase, FTO has attracted more and more attention
in cancer. There is evidence that specific FTO single nucleotide polymorphisms (SNPs) may be
significantly associated with overweight and cancer susceptibility by regulating the expression of
related genes. Besides, when the expression level of FTO is altered or dysfunctional, it may be
involved in the occurrence and progression of a variety of tumors as a tumor suppressor gene or
oncogene, usually in an m6A-dependent manner. Further research found that FTO is involved in
the development of different kinds of malignant tumors, but the mechanism is unknown.
According to this review, The FTO gene’s research progress in tumors is reviewed, aiming to
find new targets for molecular pathological diagnosis and molecular targeted therapy of tumors.
Keywords: FTO, cancers, N6-methyladenosine, SNPs, FTO inhibitors

Introduction

In 1999, the fat mass and obesity-associated gene were originally cloned in fusion toe
mutant mice by exon tapping analysis and was named “Fatso”, whose function was
unknown.' Then, subsequent evidence has shown that FTO had the effects of promoting
fat formation and obesity. In recent years, the prevalence of obesity and cancer has
been on the rise, and the research on the association between the two has raised great
interest among scientists. Epidemiological studies have also shown that FTO SNPs and
obesity play a significant role in tumor progression. Recent studies have shown that m6A
modifications are widely and complex in eukaryotes and are involved in cancer progres-
sion under multiple regulatory mechanisms. FTO acts as a messenger RNA N6-
methyladenosine (m6A) demethylase, which has been shown to play an essential role
in tumorigenesis in an m6A-dependent manner. Therefore, to find new targets for tumor
therapy, studies on the role of FTO as m6A demethylation enzyme of mRNA in related
tumor pathways are increasing, and some achievements have been made.

The FTO Gene

In 2007, researchers identified a 1.6-Mb deletion on chromosome 8 in a mouse
mutant fusion toe, including three genes with unrevealed function (FTS, FTM, and
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FTO).* Through a genome-wide association study,
researchers identified a group of single nucleotide poly-
morphisms (SNPs) closely associated with human obesity
in the intron region of the FTO gene, which has since been
formally named fat mass and obesity-associated protein
(FTO). The total length of the FTO gene is 410.50 KB,
located on chromosome 16q12.2, and contains 8 introns
and 9 exons. FTO is widely expressed in adipose tissue
and skeletal muscle of human tissues, and its high expres-
sion in the hypothalamus indicates that it may play
a pivotal role in regulating appetite and energy
metabolism.” FTO gene is only found in vertebrates and
algae but not expressed in plants, fungi, or invertebrates.®
More importantly, FTO is mainly located in the nucleus
and can partially shuttle between the nucleus and cyto-
plasm through mechanisms mediated by the Exportin 2
(XPO2) family, thus playing an essential role in the reg-

ulation of a variety of cellular biological processes.’

The Structure and Substrate of FTO
The FTO gene belongs to the ALKB family of 2-oxoglu-
tarate and Fe (II)-dependent dioxygenase proteins and has
been identified as a DNA/RNA demethylase that demethy-
lates 3-methyluracil (3-Meu) in single-stranded RNA and
3-methylthymine (3-Met) in single-stranded DNA.*° By
studying the crystal structure of FTO, Han et al'® found
that there is an extra loop on one side of the conserved
jelly roll motif in the FTO structure, which is conducive to
competitive binding of FTO with unmethylated double-
stranded DNA.

Chemical modification greatly enriched the function
and genetic diversity of DNA by removing or introducing
various groups. For instance, N6-methyladenosine (m6A)
is the most plentiful mRNA modification in eukaryotes,
which plays a critical role in mRNA stability, translation,
and selective splicing.'"™'* As the first discovered mRNA
m6A demethylase, FTO can effectively demethylate the
target gene m6A in vivo and in vitro, thus affecting the
function of the target protein.'* Mechanically, m6A
methylation was found to be a dynamic reversible process
complex(writers),

consisting of  methyltransferases

demethylases (erasers), and RNA-binding proteins
(readers).">™"” Writers are processes that mediate the
methylation of RNA m6A, including METTLS3,
METTL14, and WTAP. Readers are responsible for recog-
nizing the methylation information of RNA m6A and
regulating gene expression, including YTH domain pro-

teins and IGF2BPs, by improving the efficiency of mRNA

translation.'® Erasers mediate the demethylation of RNA,
such as FTO and ALKBHS. The m6A modification plays
a vital role in post-transcriptional gene expression by add-
ing methyl groups to RNA by the Writers and recognized
by various readers. Besides, the m6A modification process
became dynamic and reversible by erasers and thus played
a role in regulating multiple genes’ expression.'*'>!?
(Figure 1).

However, Mauer et al found that FTO preferentially
demethylates N6,2'-O-dimethyladenosine (m6Am) rather
than m6A, and that m6Am was more likely to stabilize
mRNA.?® These results indicated that the demethylation
activity of FTO to m6Am was significantly higher than
that of m6A and that m6Am was more sensitive to changes
in the depletion of FTO. However, another study found
that FTO binds to various RNAs, including mRNA, tRNA,
and snRNA. They found that the total amount of m6A in
different cell lines was about ten times higher than that of
m6Am so that m6A demethylation may be dominant.?'
Zhang et al also further confirmed that FTO was indeed
the demethylase of m6Am, but the overall content of
m6Am was much lower than that of m6A.*> Although
the distribution of FTO in the nucleus and cytoplasm is
different, m6A is its dominant substrate.

Single Nucleotide Polymorphism
(SNPs) in FTO and Cancer
Susceptibility

Single nucleotide polymorphism (SNP), refers to the DNA
sequence polymorphism caused by the variation of a single
nucleotide at the genome level, is the most common form
of heritable variation in humans. For instance, due to
genome-wide association studies (GWAS), multiple single
nucleotide polymorphisms (SNPs) on intron 1 of FTO
were found to be significantly associated with the risk of
obesity and the occurrence of certain tumors.>** Also, the
relationship between increased FTO expression and SNP
risk genotypes has been demonstrated in human blood
cells and fibroblasts.>*** Studies have shown that FTO
SNPs are positively correlated with an increased risk of
some cancers, indicating that FTO plays a role in cancer
pathogenesis.”® For example, multiple SNPs in the FTO
intron 1 region exerted an important role in breast cancer,
such as rs7206790, rs9939609, rs8047395, and rs1477196,
but rs1477196 showed the strongest association.?’
Rs16953002 and rs12596638, located in FTO intron 8,
have been shown to play a positive regulatory role in the
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Figure | m6A dynamic regulation and FTO’s functions.

occurrence of melanoma.®® A retrospective analysis
showed that rs9939609 polymorphism was significantly
associated with cancer risk in Asian populations and was
particularly predictive of early diagnosis of pancreatic and
endometrial cancers.”’ Currently, studies have found that
FTO gene polymorphism can not only regulate FTO gene
expression and transcription factor binding region but also
regulate related adjacent genes (such as IRX3, RPGRIPIL,
RBL2, IRXS) to participate in the progress of cancer
through various ways.*° Given that cancer is always multi-
factorial, the relationship between FTO SNPs and cancer is
complex and variable. Although gene expression regulated
by some FTO polymorphisms is associated with cancer
susceptibility, further research is needed to explore the
specific mechanisms.

Biological Activity of the FTO in
Cancers

Although the research on the relationship between FTO and
cancers and the mechanism of action was still in the early
stage, more and more shreds of evidence showed that FTO

was significantly over-expressed in a variety of tumor tissues
and was highly correlated with the prognosis of tumors.
With the development of research, the role of m6A modifi-
cation in a variety of cancers has been increasingly con-
firmed. As an m6A demethylase, FTO was overexpressed in
a variety of cancer tissues and played the role of oncogene or
tumor suppressor gene in an m6A-dependent manner, parti-
cipating in the regulation of tumor progression.

Overexpression of FTO Results in
Cellular Proliferation and Apoptosis
Inhibition

Messenger RNA carries the genetic information between
DNA and proteins, and its potential mechanisms have
been extensively investigated. It has been reported that
mo6A modification is one of the most classical internal
modifications in mRNA, which can reduce mRNA’s stabi-
lity and lead to its degradation. FTO can demethylate m6A
and increase the stability of mRNA in related tumor path-
ways, promoting tumor progression. Li et al*! analyzed the
whole genome of AML patients and found that FTO was
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highly expressed in specific AML subtypes, such as t
(11923)/MLL rearrangement, t (15;17)/PML-RARA,
FLT3-ITD, and/or NPMI mutations. Overexpression of
FTO significantly promoted the viability and proliferation
of human AML cells, inhibited the differentiation and
apoptosis of human AML cells, and promoted the occur-
rence of mouse leukemia in animal experiments. Through
the further experiment demonstrated that FTO by reducing
some targets, such as RARA and ASB2 m6A Ilevels,
reduced its mRNA stability,>**> and thus promoted the
AML cells proliferation and survival, and suppressed all-
trans-retinoic acid-induced AML cell differentiation and
apoptosis, enhanced leukemia cancer gene-mediated cell
transformation, thus promoted the occurrence of leukemia.
ASB2 and RARA can inhibit myeloid leukemia cells’
growth, promote their differentiation, and have anti-
leukemia effects. The expression of FTO was significantly
increased in breast cancer cells and tissues. Mechanically,
it was found that the downstream target of m6A modifica-
tion mediated by FTO was the pro-apoptotic gene BNIP3,
which demethylation of BNIP3 messenger RNA m6A and
induced its degradation, thus promoting the proliferation
and inhibit apoptosis of breast cancer cells.** Besides,
FTO also promoted breast cancer cell proliferation and
glycolysis through activation of the PI3K/ AKT signaling
pathway, which had been demonstrated in patients with
estrogen-receptor-positive breast cancer.’® Also, FTO was
significantly up-regulated in estrogen-induced endometrial
cancer, and the proliferation and invasion of endometrial
cancer cells were enhanced by activation of PI3K/ AKT
and AMPK signaling pathway.*® Activation of the PI3K/
AKT signaling pathway can lead to growth, proliferation,
survival, cell cycle progression, and apoptosis inhibition of
various tumor cells.>” Cui et al*® demonstrated that m6A
mRNA modification was significant for the growth of
glioblastoma stem cells, and inhibition of demethylase
FTO could inhibit the self-renewal of these tumor stem
cells. By establishing a brain GBM mouse model and
treating the mice with FTO inhibitor MA2, it was found
that it could significantly suppress tumor progression and
prolong the transplanted mice’s survival time. Wu et al*’
also confirmed the reliability of the above view through
relevant studies. FTO expression was significantly ele-
vated in tissues and cells of non-small cell lung cancer
(NSCLC). Ding et al*® found that up-regulated FTO
enhanced the proliferation and invasion of lung adenocar-
cinoma (LUAC) cells and inhibited their apoptosis through
the activity of m6A demethylase. Another study found that

FTO promoted the proliferation and suppressed the apop-
tosis of lung squamous cell carcinoma (LUSC) by decreas-
ing the level of myeloid zinc finger protein 1 (MZF1) m6A
and increasing the stability of MZF1 mRNA.*' MZF1 has
been shown to promote tumor progression in a variety of
malignancies by regulating different targeted genes. In
another study, FTO mediated the oncogenic effect of
FTO in NSCLC cells via increasing the stability of ubiqui-
tin-specific protease 7(USP7) mRNA through its demethy-
lase enzyme activity.*> USP7 regulates substrate proteins’
activity and stability and is involved in tumor inhibition,
epigenetics, DNA damage response, and other pathways.*

The malignant progression of gastric cancer was sig-
nificantly correlated with the regulatory factors of m6A
RNA methylation.** Xu et al detected the protein and
mRNA levels of FTO in 128 cases of gastric cancer tissues
that FTO was highly
Overexpression of FTO could promote the proliferation

and found expressed.®
and migration of gastric cancer cell lines, while FTO’s
knockdown could achieve the opposite results. FTO was
also upregulated in pancreatic cancer, and FTO knock-
down decreased the proliferation of pancreatic cancer
cells, suggesting that FTO was necessary for the malignant
progression of pancreatic cancer. Besides, it was found
that FTO enhanced the stability of MYC mRNA, enhanced
the proliferation, and restrained the apoptosis of pancreatic
cancer cells via interacting with the proto-oncogene
MYC.* The MYC was a key mediator in regulating the
cell cycle.*’” In a study of 60 patients with colorectal
cancer, FTO was also found to be involved in the pro-
proliferation and anti-apoptotic effects of miRNA-96 in
colorectal cancer cells by blocking m6A methylation of
AMP-activated protein kinase alpha2 (AMPKa2) and
upregulated MYC expression.*® Similarly, FTO regulated
the modification of E2F1 and MYC transcripts through its
demethylase activity and played a crucial role in promot-
ing the proliferation and migration of cervical cancer
cells.*’

Impact of FTO on the Invasion and

Migration of Cancers

Invasion and metastasis play an essential role in tumor
recurrence and poor prognosis. Histone deacetylase 3
(HDAC3), as a tumor-promoting factor, plays an onco-
genic role in the development of gastric cancer. Yang
et al found that HDAC3 reduced MYC m6A methylation
in gastric cancer cells via regulated the FTO/ m6A/MYC

4840

Dove!

OncoTargets and Therapy 2021:14


https://www.dovepress.com
https://www.dovepress.com

Dove

Zheng et al

signaling pathway, thereby promoting MYC mRNA’s sta-
bility thus enhanced the invasion and metastasis of gastric
cancer cells.’® The results were also confirmed in mice
in vivo. Li et al®' proved through in vitro and in vivo
experiments that FTO promoted the invasion ability of
AML cells and enhanced the cell transformation mediated
by leukemia oncogenes, thus participating in the occur-
rence of AML. Besides, FTO enhanced the viability, pro-
liferation, and transformation of AML cells by decreasing
m6A modification in AML cells and increasing MYC/
CEBPA transcripts’ stability. FTO was distinctly up-
regulated in HER2-positive breast cancer tissues and con-
tributed to breast cancer cell invasion and migration
through FTO/miR-181b-3p/ ARL5B signaling pathway.”’
ADP ribosylation factor like GTPase 5B (ARLS5B) is
a small G protein existing in lysosomes, which promotes
the movement of lysosomes and leads to their dispersion
and aggregation in the periphery of cells, which is con-

ducive to the progression of tumors.>>>

FTO Showed Carcinogenic or
Tumor Suppressive Characteristics
in Tumors

FTO, an oncogene, has been associated with poor survi-
val in some malignancies. Shi et al found in the study of
1017 cases of NSCLC that FTO promoted the malignant
progression of NSCLC by reducing the m6A level and
KRAS
Overexpression of FTO led to adverse clinical character-

activating the signaling pathway.>*
istics, and overall survival was worse when downregula-
tion of the methyltransferase complex gene was
associated with high expression of FTO. Up-regulated
FTO was significantly associated with lymph node metas-
tasis, poor differentiation, and poor prognosis in gastric
cancer patients.*> Overexpression of FTO predicated
lower overall survival (OS) and progression-free survival
(PFS) in 450 cases of gastric cancer from the Tumor
Genome Atlas (TCGA) database. However, TMA-IHC
staining results showed that the lower the FTO protein
level, the worse the overall survival of gastric cancer
patients.”> The exact mechanism is still needed further
research.

Similarly, FTO overexpression was significantly asso-
ciated with tumor size, lymph node metastasis, TNM
stage, and poor prognosis, which was confirmed in
patients with HER2-positive breast cancer.’' Besides,
high FTO with  type

expression in  patients

I endometrial cancer indicated poor prognosis and early
recurrence.’® Li et al found that FTO was overexpressed
in both hepatocellular carcinoma tissues and cells and
promoted tumor growth via demethylation of PKM?2,
resulting in a lower survival rate.”” FTO was up-
regulated in cervical squamous cell carcinoma (CSCC)
and enhanced the chemo-radiotherapy resistance prob-
ably via decreasing the level of m6A in B-catenin
mRNA transcriptome and thereby increasing the activity
of excision repair cross-complementation group 1
(ERCC1). ERCCI1, a pivotal protein involved in DNA
damage repair, plays a predictive role in the application
of tumor chemotherapeutic agents.”® Furthermore, the
prognosis of FTO on overall survival depended on the
expression of B-catenin in human CSCC tissues (Table 1,
Figure 2).”

However, as a tumor suppressor gene, FTO expression
was significantly down-regulated in some tumors. FTO had
a protective function in hepatocellular carcinoma (HCC).®
The down-regulation of FTO was correlated with tumor
size, metastasis, and vascular invasion, which was asso-
ciated with poor prognosis.®’ The expression of FTO was
inhibited in clear cell renal cell carcinoma (ccRCC) tissues.
FTO enhanced the anti-tumorigenic characters of ccRCC
partly through reducing m6A levels of PPARg coactivators
(PGC)-1a. mRNA transcripts and in turn, increased the
expression of PGC-1a. In an analysis of 500 patients with
ccRCC in The Cancer Genome Atlas (TCGA), low FTO
expression predicted a worse prognosis.®” FTO suppressed
the self-renewal of ovarian cancer stem cells through its
demethylase activity and suppressed tumor progression by
inhibiting the cAMP signaling pathway.®> Additionally, the
specific mechanism and biological function are still unclear,
and more studies are needed for further verification.

Effects of FTO Inhibitors in Cancers

Considering the tumorigenic role of FTO in various
tumors, the research on FTO inhibitors is increasing gra-
dually. Rhein, a natural product, was found to competi-
tively bind to the active site of FTO and inhibit the
demethylation activity of m6A.** Compared with TKI
monotherapy, combination with FTO inhibitor showed
better efficacy in treating leukemia in mice.*®> Recently,
Huang et al designed two FTO inhibitors FB/FB23, that
selectively suppress FTO’s m6A demethylase activity.
They effect
proliferation and pro-apoptosis of AML cell lines in vitro

significantly displayed the of anti-

and prolonged the survival of AML mouse models
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Figure 2 FTO overexpression in tumors and the regulation of some targets and signaling pathways.

in vivo.®® Su et al first explored that R-2HG suppressed the
activity of FTO and exerted anti-leukemia effects in vitro
and in vivo via suppressing MYC/CEBPA signaling path-
way by increasing the level of m6A mRNA.®” R-2HG also
showed solid antitumor activity in glioblastoma. Besides,
Zheng et al developed a novel FTO inhibitor, later named
MO-I-500, that selectively inhibited the m6A demethyla-
tion enzyme activity of FTO, increased intracellular m6A
levels,°® and was able to significantly inhibit the survival
of triple-negative inflammatory breast cancer cell lines.®’
As a non-steroidal anti-inflammatory drug, Meclofenamic
acid (MA) is also a selective inhibitor of FTO, which can
competitively combine with the FTO active site and sup-
press its demethylase activity.”” Compared with MA, the
ethylester form of MA (MA?2) significantly increased the
level of m6A in cells, inhibited glioblastoma progression,
prolonged the survival time of GSC-transplanted mice.*®
In conclusion, a growing number of FTO inhibitors have
shown positive therapeutic effects in animal models and
may be ideal therapeutic targets for FTO overexpressed
cancers in particular (Table 2).

Conclusion and Prospect
The FTO gene was initially thought to be involved in
fat metabolism. With the discovery of the activity of

FTO as m6A demethylase, FTO as an oncogene or
tumor suppressor gene has been studied continuously.
FTO is involved in the occurrence and development of
tumors by regulating some signaling pathways to pro-
mote tumor cell proliferation, transformation, activity
enhancement, and stem cell self-renewal in different
tumors. Besides, FTO also plays a critical role in the
regulation of cancer stem cells. Therefore, FTO is
being studied extensively as the most attractive new
target for the therapy of cancers. The development of
FTO inhibitors is also increasing and showing promis-
ing antitumor prospects in vitro and in vivo trials.
inhibiting FTO-mediated mo6A
FTO-
overexpressed cancers. In the future, it is hopeful that

Various inhibitors

demethylation have the potential to treat
more FTO inhibitors will be validated in clinical trials
and provide a safer and more effective treatment option
for cancer patients.

However, FTO’s exact role and molecular mechanisms
in cancer are not fully understood, and there is still much
work to be done. Therefore, further understanding of the
molecular mechanisms and pathways that FTO regulates
will provide essential insights into its role in regulating
key oncogenic pathways and provide new and potential

targets for the treatment of malignancies.
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Table 2 Mechanisms of Various Inhibitors by Inhibiting FTO-Mediated mé6A Demethylation

Inhibitors | Mechanisms The Mechanisms of Anti-Cancer Effect References
Rhein Rhein competitively binds to the active site of Rhein combine with nilotinib is a more effective treatment for | [64]
FTO and inhibits m6A demethylation leukemia in mice
MA/MA2 MA/MAZ2 selectively inhibits m6A demethylation MAZ2 significantly inhibits the growth and self-renewal of [38,70]
of FTO glioblastoma (GSC) in vitro and prolongs the survival time of
GSC mice
FB23/ FB23/FB23-2 directly binds to FTO and selectively | FB23-2 inhibits the proliferation of human acute myeloid [66]
FB23-2 inhibit FTO’s m6A demethylase activity leukemia (AML) cell lines and primary AML cells in vitro, and
promotes cell differentiation/apoptosis
R-2HG R-2HG inhibits the activity of FTO R-2HG inhibits the progression of leukemia and glioblastoma by | [67]
targeting the FTO/M6A/MYC/CEBPA signaling pathway
MO-I-500 MO-I-500 is a mimic of 2-OG, which can MO-I-500 can significantly inhibit the growth of breast cancer | [68,69]
selectively inhibit FTO demethylation and increase | cells in vivo and in vitro
intracellular méA levels
Abbreviations important intellectual content; agreed to submit to the current

FTO, Fat mass and obesity-associated gene; mo6A, N6-
methyladenosine; SNPs, Single nucleotide polymorphisms;
METTLI14, Methyltransferase-like 14; METTL3,
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