
REVIEW

Unraveling the Complex Interactions between the
Fat Mass and Obesity-Associated (FTO) Gene,
Lifestyle, and Cancer
Sepideh Abdollahi,1 Naeemeh Hasanpour Ardekanizadeh,2 Seyed Mohammad Poorhosseini,3 Maryam Gholamalizadeh,4

Zahra Roumi,5 Mark O Goodarzi,6 and Saeid Doaei7

1Department of Medical Genetics, School of Medicine, Tehran University of Medical Sciences, Tehran, Iran; 2Department of Clinical Nutrition, School of
Nutrition and Food Sciences, Shiraz University of Medical Sciences, Shiraz, Iran; 3Genomic Research Center, Shahid Beheshti University of Medical Sciences,
Tehran, Iran; 4Cancer Research Center, Shahid Beheshti University of Medical Sciences, Tehran, Iran; 5Department of Nutrition, Science and Research Branch,
Islamic Azad University, Tehran, Iran; 6Division of Endocrinology, Diabetes and Metabolism, Department of Medicine, Cedars-Sinai Medical Center, Los
Angeles, CA, USA; and 7Department of Community Nutrition, School of Nutrition and Food Sciences, Shahid Beheshti University of Medical Sciences, Tehran,
Iran

ABSTRACT

Carcinogenesis is a complicated process and originates from genetic, epigenetic, and environmental factors. Recent studies have reported a
potential critical role for the fat mass and obesity-associated (FTO) gene in carcinogenesis through different signaling pathways such as mRNA
N6-methyladenosine (m6A) demethylation. The most common internal modification in mammalian mRNA is the m6A RNA methylation that has
significant biological functioning through regulation of cancer-related cellular processes. Some environmental factors, like physical activity and
dietary intake, may influence signaling pathways engaged in carcinogenesis, through regulating FTO gene expression. In addition, people with FTO
gene polymorphisms may be differently influenced by cancer risk factors, for example, FTO risk allele carriers may need a higher intake of nutrients
to prevent cancer than others. In order to obtain a deeper viewpoint of the FTO, lifestyle, and cancer-related pathway interactions, this review aims
to discuss upstream and downstream pathways associated with the FTO gene and cancer. The present study discusses the possible mechanisms
of interaction of the FTO gene with various cancers and provides a comprehensive picture of the lifestyle factors affecting the FTO gene as well as
the possible downstream pathways that lead to the effect of the FTO gene on cancer. Adv Nutr 2022;13:2406–2419.
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Introduction
Cancer is a primary cause of death and is a complex and
multifactorial disease. In 2020, 19.3 million new cancer
cases and almost 10 million cancer deaths were estimated to
have occurred globally (1). Recent developments in cancer
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research have reported some progress in the understanding
of cancer etiology. This knowledge can lead to advances
in prevention, early diagnosis, and treatment of cancer and
finally, to a decline in cancer mortality (2, 3). Several studies
have identified risk factors for cancer including intrinsic risk
factors, e.g. cellular genetic changes, as well as endogenous
nonintrinsic risk factors, e.g. epigenetic modifications, and
exogenous nonintrinsic risk factors, e.g. improper lifestyle
(4–8). These risk factors can influence each other and
determine overall cancer risk. It has been reported that
adherence to a healthy lifestyle may attenuate the overall
cancer risk in individuals with high genetic susceptibility (9,
10). Consequently, a combination of genetic susceptibility
and lifestyle constitute the main risk factors for cancer
(11).

Recent studies have emphasized the role of the fat mass
and obesity-associated protein (FTO) in the etiology of
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multiple cancers (12, 13). FTO is a 2-oxoglutarate-dependent
N6-methyladenosine DNA demethylase and regulates pre-
mRNA splicing and mRNA translation (14). The location of
the FTO gene is on human chromosome 16q12.2, it contains
9 exons and 8 introns, and its expression is ubiquitous
with the highest expression in the hypothalamus (15). It
has been demonstrated that polymorphisms of FTO such as
rs9939609, rs178117449, rs3751812, rs9930506, rs7202116,
and rs1421085 may influence the growth, proliferation, and
function of cells, which are essential processes in cancer
(16, 17). Most of these polymorphisms are located in an
enhancer in intron 1 and are therefore likely to influence
gene expression. In addition, it has been reported that
the effect of FTO in the carcinogenesis process can be
mediated by its m6A demethylase function, which can
influence essential signaling pathways, such as mitogen-
activated protein kinase (MAPK) and phosphoinositide 3-
kinase/protein kinase B/mechanistic target of rapamycin
(PI3K/AKT/mTOR) (18, 19). FTO regulates m6A RNA mod-
ification, which is the most prevalent internal modification
of mRNA and has a function in cellular processes (20).
Dysregulation of m6A modification and its mediators such
as FTO has been implicated in different physiological and
pathological processes, particularly in cancer initiation and
progression (5, 21, 22).

On the other hand, several recent studies have identified
an association between lifestyle factors, including physical
activity and dietary intake, and the level of FTO gene
expression. For instance, a positive association was found
between dietary carbohydrates, proteins, and fat intake with
FTO expression (23, 24). Moreover, the association between
the FTO gene and obesity might be modified by lifestyle
factors (25). It is now well established that individuals
who have a combination of the risk allele of FTO and an
improper lifestyle are more susceptible to being obese, which
is considered a risk factor for different cancer types (26, 27).
A previous study has indicated the FTO genotype role in
the impact of lifestyle changes on the expression of obesity-
related genes (28).

However, the influence of lifestyle factors on FTO gene
expression and their role in carcinogenesis beyond BMI is
still not clear. This study aims to develop a more rigorous
understanding of interactions between FTO, cancer, and
lifestyle to gain deeper knowledge of the impact of lifestyle
on cancer risk through FTO gene-dependent molecular
mechanisms.

Interactions of lifestyle, cancer, and FTO
Lifestyle may, as an upstream factor, influence the association
between cancer and the FTO gene. Some risk factors related
to lifestyle, such as unhealthy diet, physical inactivity, and
higher BMI, can provide the necessary conditions for the
adverse effects of the FTO gene on carcinogenesis. The
following are interactions between lifestyle factors, cancer,
and the FTO gene.

Dietary macronutrients and expression of FTO
We found in a previous study that there is a relation between
the level of FTO gene expression in the hypothalamus
and macronutrient concentrations (29). As suggested by
additional evidence, FTO mutually interacts with the con-
sumption of dietary macronutrients. For instance, dietary
carbohydrates have been proposed to influence FTO gene
expression in the hypothalamus (30), and hypothalamic
FTO gene expression can be increased by a higher intake
of carbohydrates such as glucose (31). Another study
reported that supplementation with high glycemic index
foods can increase hypothalamic FTO gene expression (32).
In a previous study, we consistently indicated that the
increased consumption of carbohydrates caused significant
upregulation of FTO gene expression in peripheral blood
(P = 0.001) (23). Interestingly, we previously found that
there was a positive relation between the amount of dietary
carbohydrate and peripheral blood FTO gene expression
only in people with the GG genotype of FTO rs9930506,
indicating a possible function of the FTO genotype in the
relation between FTO gene expression and dietary intake
(33). Moreover, a recent study found that in subcutaneous
adipose tissues, there is a direct association between higher
fructose intake and high FTO mRNA expression in obese
individuals, whereas there is an inverse association between a
higher intake of sucrose, sugar, lactose, and glucose with FTO
gene expression (34). Further, we found in a previous study
that women with high-grade breast cancer (BC) had a higher
intake of carbohydrates compared with women with early-
grade BC (35). In addition, concerning the effect of different
monosaccharides and disaccharides on BC risk, a previous
study found the potential role of some types of dietary
carbohydrates, such as total carbohydrates, sucrose, maltose,
fructose, and simple sugar in developing BC (36). This is in
accordance with a previous study that reported an association
between high sugar consumption after the detection of
cancer and a higher mortality rate in females with colorectal
cancer (CRC) (37). Moreover, we found in previous studies
that dietary carbohydrate can influence cell growth and
survival through regulating the expression level of cancer-
related genes such as FTO (29, 38). The exact mechanism of
the impact of dietary carbohydrates on FTO gene expression
is not yet clear. It has been established that in cancer cells,
high dietary carbohydrates can affect FTO gene expression
through elimination of the inhibitory impact of adenosine
monophosphate-activated protein kinase (AMPK) on FTO
gene expression. In turn, high FTO expression can pro-
mote cell growth and survival via the phosphoinositide 3-
kinase/protein kinase B (PI3K/AKT) signaling pathway (38).
Moreover, Speakman et al. indicated that the AA and AT
genotypes of rs9939609 in the FTO locus had a higher
appetite and had higher daily calorie intake compared with
the TT genotype carriers (39). Thus, different genotypes
of FTO gene polymorphisms may affect the amount of
calorie intake. In addition, FTO genotype differences can
affect the proliferation and metabolism of cells and the
impact of dietary interventions on BC patients (40). This
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confirms our previous findings, which showed the potential
relation between the FTO gene rs9939609 polymorphism
and BC in obese individuals after adjusting for lifestyle
factors, including the consumption of alcohol, smoking, or
dietary intake (41). We also found in a previous study that
the intake of calories, carbohydrate, and fat is significantly
higher in carriers of the AA genotype of rs9939609 of the
FTO gene compared with the TT genotype carriers after
adjustment of sex and age (42). It is important to note that
the polymorphisms in FTO that are highly related to BMI
may affect obesity by influencing the expression of other
genes besides FTO. For example, a landmark study found
that FTO polymorphisms act through modulating expression
of the distant IRX3 and IRX5 genes, influencing the fate
of developing adipocytes (with obesity promoting alleles
shifting adipocyte development from brown fat to white
fat) (43). On the other hand, the FTO genotype may affect
expression of FTO and RPGRIP1L in the brain, contributing
to obesity by affecting leptin signaling (44, 45). Thus, the FTO
genotype may regulate different genes in different tissues,
highlighting that studies concerning the FTO genotype may
be independent from those directly examining the effects of
FTO mRNA or protein concentrations.

Regarding dietary proteins, a recent study found sig-
nificant effects of genetic risk alleles and dietary protein
intake on waist circumference (WC) and triglyceride con-
centrations (46). In individuals with the FTO rs3751812
polymorphism risk allele (allele A), more beneficial results
in weight reduction were obtained when dietary protein was
<18% of the total daily calorie intake (27). Other previous
studies confirmed that genetic impacts of FTO variants on
BMI and body weight can be modulated by high-protein diets
(47, 48). Moreover, it was reported that in individuals with
the risk allele of the FTO gene for BMI, lower protein intake
(13% of the total daily calorie intake) was related to lower
WC and serum triglyceride concentration (46). In addition,
regarding the effect of the amino acid (AA) leucine on FTO
expression, Olszewski et al. reported reduced FTO expression
in hypothalamus organotypic cultures via leucine intake 48 h
after intervention (49). In contrast, Johansson et al. reported
increased FTO expression via leucine intake in hypothalamus
organotypic cultures 48 h after intervention (50). Another
study on murine and human cell lines found a reduction
of FTO expression by total AA deprivation (51). A possible
role for the FTO gene is acting as an AA sensor promoting
translation and growth. Essential amino acids (EAAs) may
regulate the expression of FTO, and the FTO gene couples AA
concentrations to mechanistic target of rapamycin complex
1 (mTORC1) signaling through a demethylation-dependent
mechanism. (52, 53). FTO triggers the demethylation of
pyruvate kinase 2 (PKM2) mRNA and accelerates its
translation. Overexpression of PKM2 activates mTORC1
signaling through phosphorylation-mediated inactivation of
the mTORC1 inhibitor AKT1 substrate 1 (AKT1S1) (54).
Remarkably, in a previous study we found that in AA/AG
carriers of FTO rs9930506, there was a positive relation
between dietary protein and FTO expression in peripheral

blood (23). This indicates that the influence of dietary protein
on FTO expression can be affected by genotype of FTO.

In terms of dietary FAs and FTO expression, recent evi-
dence reported a positive correlation between total FA intake
and FTO mRNA expression in subcutaneous (P = 0.020) and
visceral (P = 0.037) adipose tissues (55). These findings are
in agreement with previous in vivo animal research, which
showed higher FTO expression in both subcutaneous and
visceral adipose tissues in rats with a high-fat diet (56).
As reported by Nowacka-Woszuk et al., a high intake of
dietary fats may result in FTO overexpression in visceral and
subcutaneous adipocytes of rats (57). In contrast with these
findings, Zhong et al. indicated a lack of influence of a high-
fat diet on the FTO expression in the adipose tissue of mice
(58). The quantity of FA intake and its type (for example, ω-6
versus ω-3 FAs) may influence their effects on the regulation
of FTO expression (24). Moreover, the FTO gene plays a
critical role in fat metabolism and FTO risk allele carriers
had lower fat cell lipolysis compared with others (59). We
found in a previous meta-analysis that carriers of the A allele
of the FTO rs9939609 polymorphism had higher body fat %
(BF%) (60). This finding is consistent with that of Timpson
et al., who reported that people with the rs9939609 minor
allele had a higher intake of dietary fats than those with the
TT genotype (61). In addition, previous studies have shown
that homozygotes for the rs9939609 risk allele (A) showed
significantly lower serum HDL cholesterol and higher serum
leptin concentrations compared with the TT genotype
(62, 63).

Physical activity and expression of FTO
Regarding the association between the level of physical
activity and FTO expression, in a previous study we found
that the FTO impact on obesity can be intensified by lower
physical activity, which is a risk factor for various diseases and
cancer (64). As reported by Atici et al., lower physical activity
is significantly related to lower concentrations of adiponectin
in people with the minor allele A of the FTO rs9939609
polymorphism (25). Adiponectin is a hormone produced and
released by adipose tissue that has antihyperglycemic, anti-
inflammatory, antiatherogenic, and cardioprotective effects
(65). Dysregulation of adipokine production has been shown
to have a strong association with the onset of different types
of metabolic abnormalities such as CVD and cancer (66). In
addition, it has been observed that in subjects carrying the
AA or AT genotype of rs9939609, active exercise reduced
the risk of obesity ∼2-fold more than in those with the
TT genotype (67). It has been demonstrated that BMI is
higher in sedentary individuals with the AA/AT genotypes
than those with the homozygous T allele of FTO rs9939609
(68). In line with these results, Rampersaud et al. indicated
that rs147719 and rs1861868 polymorphisms of FTO in
individuals with lower physical activity are related to higher
BMI after adjusting for sex and age, whereas those with above
average physical activity did not show such a relation (69);
thus, the impact of the FTO gene on obesity can be adjusted
by physical activity. Importantly, Danaher et al. found that
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high-intensity physical activity downregulates FTO mRNA
expression in skeletal muscle, which can be due to a role of
FTO as an energy sensor (70). However, in a previous study
we indicated that FTO gene expression in PBMCs was not
affected by exercise (28). These differences can be explained
by age, gender, period of intervention, and different cell
types.

BMI and the FTO gene
The relation between BMI and FTO gene expression has
been widely investigated. For example, Wang et al. examined
110 subjects with type 2 diabetes (T2DM) and demonstrated
that serum FTO protein expression is significantly related to
BMI as one of the risk factors for T2DM (71). These results
were in line with those of Abd El Gayed et al. who found
a positive relation between FTO expression and its serum
protein concentration with obesity indices such as BMI (72).
In addition, Czogala et al., in a cohort of 16 obese and 10
healthy children, reported a significant increased expression
of FTO in PBMCs of obese children compared with healthy
children. They also found that the overexpression of FTO
in obese children was associated with their biochemical and
anthropometric characteristics (73). Moreover, higher FTO
expression in human adipose tissue has been established,
indicating that increased subcutaneous fat deposition was
associated with the subcutaneous expression of FTO (74).
Importantly, it has been noted that BMI can influence the
genome-wide DNA methylation pattern in human adipose
tissue. Altered DNA methylation has an essential role in the
incidence of some diseases, such as T2DM, cancer, obesity,
and CVD (75). These results are in agreement with the
findings of other studies, in which there was a relation
between obesity and the upregulation of FTO expression in
adipocytes (15, 76). In addition, FTO overexpression in the
peripheral adipose tissue of obese people has been reported
(77). In a previous study we found that the FTO genotype
can influence the relation between the expression of FTO and
body composition. The upregulation of FTO expression was
associated with an increased percentage of skeletal muscle
in male adolescents with the AG or AA genotype of FTO
rs9930506 (78).

Various studies have investigated the relation between
BMI and the rs9930506 polymorphism of the FTO gene,
and a positive correlation has been found between BMI
and the GG genotype of the rs9930506 polymorphism.
For instance, Scuteri et al. evaluated the polymorphisms
related to obesity, and found the strongest relation with
BMI was observed in rs9930506 risk allele carriers (79). In
addition, Sentinelli et al. conducted a study to determine the
rs9930506 polymorphism impact on BMI, and they reported
an association between the rs9930506 polymorphism and
higher BMI and early initiation of childhood obesity (80).
In this context, we found a strong association between a
haplotype (rs9930506, rs9930501, and rs9932754) in the
first intron of the FTO gene and obesity indices in Iranian
male adolescents after adjusting for physical activity and
calorie intake. It is proposed the FTO genotype exerts its

impact on anthropometric measurements of adolescents
as a haplotype and by mechanisms other than calorie
intake and calorie expenditure, possibly by influencing
the expression of other genes, such as IRX3 (81, 82).
Furthermore, animal model studies have revealed that FTO
is involved in the regulation of adipogenesis and total body
weight (30, 56, 83–85). FTO-deficient mice, for example,
demonstrate postnatal growth retardation and a decrease
in both adipose tissue and lean body mass (30). The
overexpression of FTO, on the other hand, causes obesity
in mice by increasing food consumption, highlighting the
critical function of FTO expression in obesity (56). As a
result, FTO expression has frequently been reported to be
associated with obesity and increased body mass, however,
the underlying mechanism has yet to be fully understood
(86).

The effect of the FTO genotype on adolescents’ anthropo-
metric indices, such as obesity, can be considered as a chronic
inflammatory stimulus in carcinogenesis. In this regard, a
previous study has shown that the A allele of the rs9939609
polymorphism of the FTO gene is positively associated with a
higher predisposition to CRC in Iranian patients, possibly via
the role of the FTO gene in obesity (87). However, we found
no association between this polymorphism of FTO with
CRC in a previous meta-analysis study of articles published
from 2000 to 2019 (17). This suggests that this association
may be affected by other factors, such as race/ethnicity
or lifestyle of subjects. In total, FTO gene expression is
associated with food intake, energy expenditure, and BMI.
There is also an association between several single-nucleotide
polymorphisms in the FTO gene and human body weight,
and their abnormal regulation can elevate the risk of
carcinogenesis indirectly through obesity. Similar molecular
mechanisms may play a role in the development of cancer
and obesity (88).

FTO gene expression impact on regulation of m6A and
other cancer-related pathways
Epigenetic alteration is one of the essential mechanisms
involved in the carcinogenesis process. RNA posttran-
scriptional modification has recently been considered to
be one of the pivotal epigenetic mechanisms of gene
expression regulation. m6A is the most common inter-
nal alteration of mRNAs among all the modifications,
which is a reversible and dynamic process and is ob-
served in multiple cellular processes as well as in vari-
ous cancers (5). The regulatory elements of m6A mod-
ification constitute writers, erasers, and readers working
together in concert to maintain a steady-state equilib-
rium of m6A modification in the cell (89). The m6A
writers, such as methyltransferase like-3 (METTL3) and
its homolog METTL14 are methyltransferases catalyzing
the delivery of a methyl group to the N-6 position of
adenosine (A) from S-adenosyl methionine (SAM) (90).
The first detected m6A eraser was FTO and the role of
FTO as an m6A demethylase proved its relation with
the regulation of gene expression (91, 92). Finally, the
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FIGURE 1 m6A modification and its regulators. FTO: Fat mass and obesity associated, ALKBH: Alpha-ketoglutarate-dependent
dioxygenase homologs, METTL: methyltransferase-like, WTAP: Wilms tumor 1 associated protein, YTHDF: YTH domain-containing family
proteins, IGF2BP1: insulin-like growth factor 2 mRNA binding protein 1

m6A readers determine the functional outcomes of the
modifications caused by writers and erasers. It should be
noted that the reader proteins have a functional diversity,
for example, after recognizing m6A modified transcripts,
insulin-like growth factor-2 mRNA binding proteins 1,
2, and 3 (IGF2BP1–3) can stabilize them by protect-
ing from degradation. In addition, the YTH domain-
containing family proteins 1 (YTHDF1) recognize the
m6A modification and facilitate mRNA translation, whereas
YTHDF2 accelerates their degradation. Thus, erasers, read-
ers, and writers have vital roles in discovering the biological
function and fate of m6A modified transcripts (93–95)
(Figure 1).

Considering the m6A modification role in regulation of
gene expression, m6A probably contributes to carcinogenesis
via down- or upregulation of key components of cellular
pathways. Figure 2 lists examples of crucial signaling path-
ways that are abnormally activated/inactivated/expressed in

various cancers caused by FTO gene upregulation as an m6A
modification eraser.

FTO and metastasis related to lung adenocarcinoma
transcript 1
A large part of the genome contains noncoding DNA
that produce noncoding RNAs, which are classified into 3
categories based on the sequence length: short, medium,
and long chain (96). Previous research has discovered that
noncoding RNAs play a role in various human biological
processes, such as gene splicing, transcription interference,
cell cycle regulation, and transcription regulation (97). Some
of these molecular markers, including short noncoding
RNAs (miRNAs) and long noncoding RNAs (lncRNAs), have
been identified in pathological changes and tumorigenesis
in various human organs (98). For example, overexpres-
sion of lncRNA metastasis related to lung adenocarcinoma
transcript 1 (MALAT1) has been shown in individuals
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FIGURE 2 Interplay between lifestyle, FTO, and different types of cancers. AMPK: adenosine monophosphate-activated protein kinase,
mTOR1: mammalian target of rapamycin complex 1, FTO: fat mass and obesity associated, MALAT:
metastasis-associated-lung-adenocarcinoma-transcript, PKM2: pyruvate kinase 2, USP: ubiquitin specific peptidase, MZF: myeloid zinc
finger, PI3K: phosphatidylinositol 3-kinase, AKT: protein kinase-B.

with nonsmall cell lung cancer (NSCLC) (99). Further,
it has been previously indicated that the expression of
MALAT1 accelerates cancer cell proliferation, metastasis,
and invasion in several cancers such as breast, pancreas,
colon, liver, and lung (100–103). It has been reported that
MALAT can affect the growth and spread of cancer via
promoting the epithelial-mesenchymal transition, increasing
AKAP9 (A-kinase anchoring protein 9) expression, and
modulating the β-catenin pathway (104–106). Apart from
that, MAL (myelin and lymphocyte protein) is a lipid raft-
associated membrane protein that is engaged in protein
apical transport in polarized epithelial cells. Previous studies
have indicated overexpression of MAL2, as a new member
of the MAL proteolipids, in multiple human cancers, such
as ovarian, colorectal, and lymphomas (107). Although it is
uncertain how this proteolipid might have a role in cancer
progression, more recent studies have suggested a signaling
counterpart, such as cytoplasmic tyrosine kinases (ZAP-
70), small GTPases, cellular receptors (TCR), phospholipases

(PLC-γ ), and others that may mediate the carcinogenic
activity of MAL (107, 108). In addition, MAL2 is known
to interact with the tumor protein D52, modulating the
tumorigenicity of a variety of human cancers (109, 110).
It should be noted that both MALAT1 and MAL2 can
be targeted by microRNAs, such as miR-384, and their
expression can be suppressed. In turn, this downregula-
tion can reduce the viability of the malignancies (111–
113).

On the other hand, FTO’s important involvement in
cellular metabolism is thought to be a key element in cancer
etiology (86). FTO can regulate the posttranscriptional
modification of relevant genes (92, 114). FTO plays an
oncogenic role as an m6A demethylase. The m6A alteration
of mRNA can influence cancer-related gene expression at the
posttranscriptional stage by either boosting mRNA stability
or increasing mRNA translation efficiency by recognizing
m6A reader proteins (115, 116). Tao et al. indicated that
through the MALAT1/miR-384/MAL2 axis, FTO enhances
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bladder cancer (BLCA) cell viability and tumor growth.
They illustrated that FTO can reduce miR-384 transcript
levels that result in upregulation of MAL2 expression
as well as MALAT1. Thus FTO/MALAT1/miR384/MAL2
can be an essential pathway in BLCA cell development
(117).

FTO and pyrroline-5-carboxylate reductase 1
PYCR1 (pyrroline-5-carboxylate reductase 1) catalyzes the
conversion of pyrroline-5-carboxylate to proline in the pres-
ence of NAD(P)H (118). Proline is an AA that is abundantly
available in the cellular microenvironment. There is an asso-
ciation between the synthesis and metabolism of proline and
the urea cycle, pentose phosphate pathway, and tricarboxylic
acid cycle; hence, the synthesis and metabolism of proline
are crucial for tumor cells (119). The first step in proline
catabolism is catalyzed by proline dehydrogenase/proline
oxidase (PRODH/POX), and its function in tumors has
drawn attention because it has been identified as the P53-
induced gene in tumor cell lines (120). Downregulation
of PRODH/POX is observed in various types of human
tumors, in particular, those in the colon, kidney, rectum, and
stomach. It acts as a mitochondrial tumor suppressor mainly
via inhibition of cell proliferation, apoptosis induction, and
suppression of hypoxia-inducible factor 1 signaling (121);
however, the proline synthesis function in cancer is still
unclear. The last step of proline synthesis is catalyzed by
PYCR, and 3 human genes encode 3 isozymes of PYCR.
Individuals with autosomal-recessive cutis laxa type 2 show a
mutation in PYCR1, which indicates the vital role of proline
in normal development (122). Several studies revealed
PYCR1 overexpression in many cancers, such as prostate
cancer, NSCLC, BLCA, and BC (123, 124). Moreover, it
has been reported that PYCR1 has an oncogenic role by
increasing proliferation and decreasing apoptosis through its
interaction with myelocytomatosis (MYC) or some cell cycle
checkpoints (123).

Although the carcinogenic role of FTO has long been
appreciated, the underlying mechanism via RNA m6A
demethylation remained unclear until it was first demon-
strated as a prevalent demethylase of RNA and DNA in
2011 (92). It was then indicated that FTO directs gene
expression via altering the mRNA m6A methylation level,
acting to promote oncogenesis (125). Song et al. described
the FTO role in BLCA. They discovered high expression
of the FTO protein, but not mRNA, in BLCA tissues
and cell lines because of ubiquitin specific peptidase 18
(USP18)-imposed posttranslational deubiquitination on the
N-terminal protein domain. m6A methylation on the PYCR1
gene was reduced by stabilized FTO, and the PYCR1 mRNA
half-life was extended to promote BLCA cell migration and
proliferation in vitro and tumor growth in vivo. Moreover,
they concluded that the FTO/PYCR1 signaling network can
be a vital network for cell proliferation, migration, and tumor
onset and progress (124).

FTO and phosphatidylinositol 3-kinase/protein
kinase-B signaling pathway
The PI3K/AKT (phosphatidylinositol 3-kinase/protein
kinase-B) signaling pathway is an essential interconnected
signaling pathway, which regulates several essential cellular
processes, such as survival, cell growth, differentiation,
cellular metabolism, nutrient uptake, and anabolic reactions
in response to various signals, including G-protein-
coupled receptor signaling and growth factor receptor
tyrosine kinases (RTKs) (126, 127). Importantly, this
signaling pathway interacts with oncoproteins and tumor
suppressors, which are involved in metabolic/signaling
dysregulations characteristic of human cancer cells.
Abnormal PI3K/AKT activation has been observed
in multiple human malignancies, which is related to
tumor growth, angiogenesis, and survival (128, 129). The
PI3K/AKT pathway can be aberrantly activated by RTKs,
somatic mutation in vital elements of the pathway, and
abnormalities of AKT and rat sarcoma virus (RAS) (130,
131).

It has been reported that there is altered expression of
the PI3K/AKT pathway components in connection with
m6A mRNA methylation alterations in different types of
cancer. As already mentioned, the FTO gene has an eraser
role in m6A modification, which can influence target genes
via demethylase activity (5). It has also been reported that
decreased m6A methylation due to increased FTO expression
can lead to the augmentation of PI3K/AKT, which can be
associated with tumorigenesis in gastric cancer (132). In
addition, FTO caused activation of PI3K/AKT in estrogen-
receptor-positive BC cells, promoting the production of
lactic acid and glycolysis, as well as cell proliferation (133).
Similarly, a previous study found a possible significant
relation between FTO and BC risk, with the status of
estrogen receptors affecting the relation between BC and
FTO gene polymorphisms (134). BC cell proliferation can be
promoted by estrogen through upregulating FTO expression
and activating the PI3K/AKT signaling pathway in estrogen-
receptor-positive cases (134). Further, upregulation of FTO
in estrogen-induced endometrial cancer was observed, and
PI3K/AKT signaling pathway activation increased the inva-
sion and proliferation of endometrial cancer cells (135).

FTO and PKM2
Pyruvate kinase (PK) is an important enzyme for glycolysis,
which is encoded by 4 subtypes from 2 groups of genes,
although the expression of the M2 subtype of PKM2 occurs
mostly during embryonic development in healthy humans,
and is associated with tissue regeneration and repair. PKM2
can be aggregated into dimeric and tetrameric states and may
have a role in tumor tissues. PKM2 in the dimeric form has
the ability to enter the nucleus for the regulation of gene
expression; the transformation between them importantly
plays a role in epithelial-mesenchymal transition (EMT),
tumor cell energy supply, metastasis, invasion, and cell
proliferation (136). PKM2 overexpression is observed in a
broad range of human cancers, e.g. gastrointestinal cancer,
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cervical cancer, and CRC (137–139). Wong et al. reported
the role of PKM2 in regulating cancer metabolism and
noted that posttranscriptional modification of PKM2 leads to
regulation of its activity and the Warburg effect can promote
tumorigenesis (140).

As mentioned above, FTO is a vital demethylase in the dy-
namic and reversible modification of m6A, which regulates
several biological processes, such as RNA stability, alternative
splicing, and mRNA translation (141). According to Li et al.,
upregulation of FTO occurred in hepatocellular carcinoma
(HCC) tissue and cells, with the m6A concentration in
the HCC cells increasing when FTO was silenced, which
was in accordance with its role as a demethylase. In their
investigation, the functional assay indicated that knockdown
of FTO could repress HCC progression by influencing
proliferation and apoptosis. In an in vivo mouse assay, they
found that knockdown of FTO could repress tumor growth,
suggesting that FTO functions as an oncogene in HCC
oncogenesis, possibly through its function of regulating the
demethylation of mRNA. They showed that FTO triggered
the demethylation of PKM2 mRNA and accelerated its
translation. These results suggest that FTO co-ordinately
targets PKM2 to regulate HCC progression (142).

FTO and myeloid zinc finger 1
Myeloid zinc finger 1 (MZF1) belongs to the SCAN-Zinc
Finger (SCAN-ZF) transcription factor family, which plays
a role in myeloid differentiation and leukemia and also in
the etiology of major solid tumors, including cervical, lung,
colorectal, and BC (143, 144). The location of the human
MZF1 gene is on the end of chromosome 19q and telomere
shortening in aging cells may influence the biology of MZF1.
Moreover, the influence of MZF1 on tumorigenesis can be
related to its ability to encode multiple transcripts with
different characteristics. The effect of MZF1 on malignant
cell migration and invasiveness can be dependent on its
posttranslational modification (145).

The relation between MZF1 m6A posttranslational modi-
fication and FTO with demethylase activity has been reported
by Liu et al. in lung squamous cell carcinoma (LUSC)
(146). They first showed the prognostic value of FTO in
LUSC, they then reported that FTO can reduce MZF1 m6A
concentrations, resulting in increasing mRNA stability of the
MZF1 transcript, leading to oncogenic functions related to
MZF1. Thus, they concluded that m6A demethylase induced
by FTO facilitates tumor progress in LUSC by regulating
MZF1 expression (146). Furthermore, available studies have
indicated that MZF1 may enhance proto-oncogene c-Myc
expression (147), with a potential contribution to the
occurrence of CRC (148). Consistent with these results,
Zhang et al. indicated that the MZF1/c-MYC axis can be
affected by FTO in CRC. They showed that FTO, through
m6A demethylase, can increase MZF1 and subsequently the
c-MYC proto-oncogene. Thus, FTO may cause proliferation
of CRC cells by upregulating the MZF1/c-Myc axis (149).

FTO and USP7
USP7 was originally discovered as a partner of the herpes
simplex virus type 1 (HSV-1) regulatory protein infected
cell polypeptide 0 (ICP0) (150). USP7 has extensive roles
in several cellular pathways (151), including regulation of
the activities of proteins characterized as tumor suppressors,
immune responders, DNA repair proteins, epigenetic modu-
lators, and viral proteins. In addition, USP7 has a vital role in
genome stability and regulating the p53/Mdm2 signaling axis.
As a result of USP7 inhibition, the oncogenic E3 ligase mouse
double minute 2 homolog (MDM2) is degraded, resulting
in re-activation of the tumor suppressor p53 in different
types of cancer (152). Moreover, through USP7-mediated
regulation of the MDM2-p53 pathway, WD-repeat domain
79 (WDR79) promotes the proliferation of NSCLC cells
(153). Additionally, according to reports, USP7 inhibitors
downregulate coiled-coil domain containing 6 (CCDC6),
leading to the sensitization of lung neuroendocrine cancer
cells to poly ADP-ribose polymerase (PARP) inhibitor drugs
(154).

Regulation of USP7 at the posttranscriptional level
through m6A demethylation by FTO and its relation to
cancer has been demonstrated by Li et al. (155). They found
upregulation of FTO in human NSCLC tissues in comparison
with noncancer tissues and in cancer cell lines in comparison
with normal lung epithelial cells. They also showed that
as a result of the downregulation of FTO, cell proliferation
and colony formation of lung cancer cells in vitro and
growth of lung cancer cells in vivo were repressed. In their
study, the overexpression of FTO led to increased stability of
USP7 mRNA through demethylation of its mRNA. Finally,
they introduced the FTO-USP7 axis as an essential pathway
involved in human NSCLC (155).

FTO and MYC
Frequent deregulation of the MYC proto-oncogene in human
cancers has been reported, which can promote the growth
and proliferation of tumor cells. Altered metabolism induced
by deregulation of the MYC proto-oncogene is characterized
by improved glycolysis, increased nutrient uptake, increased
FA and nucleotide synthesis, and glutaminolysis, which is
the mark of MYC-driven cancers. In addition, metabolism is
altered by MYC via posttranscriptional and transcriptional
regulation (156). Indeed, it has been shown that MYC
signaling can enable tumor cells to escape the host immune
response and dysregulate their microenvironment (157).

FTO overexpression, in terms of its m6A demethylase role,
has been demonstrated in certain subtypes of acute myeloid
leukemia (AML) (158). Li et al. indicated enhancement
of the proliferation, transformation, and viability of AML
cells by FTO via reducing m6A modification in AML cells
and elevating MYC/CEBPA (CCAAT Enhancer Binding
Protein α) transcript stability and suppressing relevant gene
transcription such as ASB2 (ankyrin repeat and SOCS
box containing 2) and RARA (retinoic acid receptor, α)
(159). CEBPA is a vital hematopoiesis-related transcription
factor that is essential for leukemogenesis (160). ASB2
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and RARA had an antileukemic effect through degrading
MLL during hematopoietic differentiation via ubiquitination
(161). Therefore, through upregulation of MYC/CEBPA
and downregulation of ASB2 and RARA, FTO promotes
leukemia cell viability, proliferation, transformation, and
leukemogenesis, and inhibits cell-cycle arrest and apoptosis
(18). In addition, the FTO/m6A/MYC signaling pathway
has been proposed in gastric cancer cells. As indicated by
Yang et al., increased FTO and decreased m6A methylation
in gastric cancer cells can promote the stability of MYC
mRNA, enhancing the metastasis and invasion of gastric
cancer cells (162). These findings broadly support the
work of other studies in this area linking FTO and m6A
demethylase modification with upregulation of MYC as an
underlying pathway in cancers such as cervical, colorectal,
and pancreatic (22, 163, 164).

Small molecule inhibitors targeting FTO
Since the identification of FTO as an m6A demethylase
in 2011 (92), researchers have been working to find
small molecule inhibitors that specifically target FTO’s
m6A demethylase activity. FTO has a strong Fe(II) and
alpha-ketoglutarate (Alpha-KG)-dependent dioxygenase ac-
tivity at the N-terminals (165). Chen et al. reported that
rhein, a natural substance, competitively binds to an FTO
active site and inhibits FTO-dependent m6A demethylation
in cells by breaking the bindings between FTO and the
m6A substrate (166). In 2014, Zheng et al. developed a
selective FTO inhibitor (i.e. MO-I-500), which selectively
inhibits the m6A demethylase activity of FTO and increases
the concentration of m6A in cells (167). In addition, this
FTO inhibitor could significantly inhibit the survival and/or
colony formation of human SUM149 cells, a triple-negative
inflammatory BC cell line (168). Meclofenamic acid (MA),
a nonsteroidal anti-inflammatory drug, has been found
to block FTO’s m6A demethylase activity while reducing
ALKBH5 expression (169). Furthermore, compound 12,
created via an alpha-KG tethering method, may have the
potential to selectively inhibit FTO over other AlkB subfam-
ilies (including ALKBH5) and alpha-KG oxygenases (170).
Su et al. discovered that R-2HG is a direct FTO inhibitor
that inhibits the m6A demethylase activity of FTO in a dose-
dependent manner, resulting in a considerable increase in
global m6A abundance in R-2HG-treated sensitive leukemia
cells (171). In addition, 4-chloro-6-(6′-chloro-7′-hydroxy-
2′,4′,4′-trimethyl-chroman-2′-yl) benzene-1,3-diol (CHTB)
is supposed to be another inhibitor of FTO which contributes
to the regulation of mRNA splicing and adipogenesis by
modulating m6A concentrations (172). Recently, Huang et
al. developed 2 FTO inhibitors, FB/FB23, that specifically
reduce FTO’s m6A demethylase activity. They showed
antiproliferative and proapoptotic effects in AML cell lines in
vitro, as well as extending the survival of AML animal models
in vivo (173). Finally, the discovery of FTO inhibitors may
demonstrate the vast therapeutic promise of targeting FTO
in cancer.

Conclusion
A growing body of evidence suggests that there is a
significant association between individual lifestyle factors,
such as dietary intake, physical activity, and BMI with
FTO expression. An overall improper lifestyle such as the
overconsumption of foods, sedentary lifestyle, and higher
BMI were associated with FTO overexpression (23–25).
Moreover, some polymorphisms of FTO can influence the
association between lifestyle and FTO expression (23, 39, 60,
67, 78). On the other hand, FTO with m6A demethylase
activity has been shown to regulate the expression of a
number of important target genes through posttranscrip-
tionally reducing their m6A concentrations and thereby
affecting the stability and/or splicing of target mRNAs,
in turn, promoting adipogenesis, tumorigenesis, and drug
resistance of cancer cells (86). More importantly, increasing
proof reveals the dysregulation of FTO in terms of its role
in m6A demethylation in cancer development, such as acute
myeloid leukemia (159), melanoma (174), BC (175), and lung
cancer (155). Therefore, FTO seems to be a mediator player
between an improper lifestyle and cancer-related pathways
(Figure 2). However, there is no clear knowledge regarding
the precise relation between lifestyle and FTO expression as
well as the exact function of FTO and molecular mechanisms
in cancer, much work is still required. Further knowledge
in this context will provide essential insights into the better
management of cancer.

Acknowledgments
The authors’ contributions were as follows—SA, MGH, NH,
SMP, and SD: designed the study, involved in data collection,
analysis, and drafting of the manuscript; SD, MG, and SA:
were involved in the design of the study, analysis of the data,
and critically reviewed the manuscript; and all authors: read
and approved the final manuscript.

Data Availability
The data of this article will be made available by the authors,
if they are requested, to any qualified researcher.

References
1. Sung H, Ferlay J, Siegel RL, Laversanne M, Soerjomataram I, Jemal A,

et al. Global cancer statistics 2020: GLOBOCAN estimates of incidence
and mortality worldwide for 36 cancers in 185 countries. CA Cancer J
Clin 2021;71(3):209–49.

2. Liu H, Dong Z. Cancer etiology and prevention principle:“1+ X.”
Cancer Res 2021;81(21):5377–95.

3. Wenbo L, Wang J. Uncovering the underlying mechanism of cancer
tumorigenesis and development under an immune microenvironment
from global quantification of the landscape. J R Soc Interface
2017;14(131):2017.0105.

4. Wu S, Zhu W, Thompson P, Hannun YA. Evaluating intrinsic and non-
intrinsic cancer risk factors. Nat Commun 2018;9(1):1–12.

5. Uddin MB, Wang Z, Yang C. The m6-A RNA methylation regulates
oncogenic signaling pathways driving cell malignant transformation
and carcinogenesis. Mol Cancer 2021;20(1):1–18.

6. Rahman MS, Suresh S, Waly MI. Risk Factors for Cancer: Genetic and
Environment. Bioactive Components, Diet and Medical Treatment in
Cancer Prevention. New York City, USA: Springer; 2018. p.1–23.

2414 Abdollahi et al.



7. Horne J, Madill J, O’Connor C, Shelley J, Gilliland J. A systematic
review of genetic testing and lifestyle behaviour change: Are we using
high-quality genetic interventions and considering behaviour change
theory? Lifestyle Genomics 2018;11(1):49–63.

8. Yamashita S, Kishino T, Takahashi T, Shimazu T, Charvat H,
Kakugawa Y, et al. Genetic and epigenetic alterations in normal tissues
have differential impacts on cancer risk among tissues. Proc Natl Acad
Sci 2018;115(6):1328–33.

9. Zhu M, Wang T, Huang Y, Zhao X, Ding Y, Zhu M, et al. Genetic risk
for overall cancer and the benefit of adherence to a healthy lifestyle.
Cancer Res 2021;81(17):4618–27.

10. Friedenreich CM, Ryder-Burbidge C, McNeil J. Physical activity,
obesity and sedentary behavior in cancer etiology: Epidemiologic
evidence and biologic mechanisms. Mol Oncol 2021;15(3):790–800.

11. Lin Y, Chen J, Shen B. Interactions between genetics, lifestyle, and
environmental factors for healthcare. Translational Informatics in
Smart Healthcare 2017;1005:167–91.

12. Gholamalizadeh M, Mokhtari Z, Doaei S, Jalili V, Davoodi SH,
Jonoush M, et al. The association between fat mass and obesity-
associated (FTO) genotype and serum vitamin D level in breast cancer
patients. J Cell Mol Med 2021;25(20):9627–33.

13. Chen J, Du B. Novel positioning from obesity to cancer: FTO, an m6-
A RNA demethylase, regulates tumour progression. J Cancer Res Clin
Oncol 2019;145(1):19–29.

14. Lan Q, Liu PY, Haase J. The critical role of RNA m(6)A methylation
in cancer. Cancer Res 2019;79(7):1285–92.

15. Zabena C, González-Sánchez JL, Martínez-Larrad MT, Torres-García
A, Alvarez-Fernández-Represa J, Corbatón-Anchuelo A, et al. The
FTO obesity gene. Genotyping and gene expression analysis in
morbidly obese patients. Obes Surg 2009;19(1):87–95.

16. Grunnet LG, Nilsson E, Ling C, Hansen T, Pedersen O, Groop L, et al.
Regulation and function of FTO mRNA expression in human skeletal
muscle and subcutaneous adipose tissue. Diabetes 2009;58(10):2402–
8.

17. Gholamalizadeh M, Tabrizi R, Bourbour F, Rezaei S, Pourtaheri
A, Badeli M, et al. Are the FTO gene polymorphisms associated
with colorectal cancer? A meta-analysis. J Gastrointest Cancer
2021;52(3):846–53.

18. Wang J-y, Chen L-j, Qiang P. The potential role of N6-
methyladenosine (m6A) demethylase fat mass and obesity-
associated gene (FTO) in human cancers. OncoTargets and Therapy
2020;13:12845.

19. Gholamalizadeh M, Mokhtari Z, Doaei S, Jalili V, Davoodi SH,
Jonoush M, et al. The association between fat mass and obesity-
associated (FTO) genotype and serum vitamin D level in breast cancer
patients. J Cell Mol Med 2021;25(20):9627–33.

20. Paramasivam A, Priyadharsini JV. RNA N6-methyladenosine: A new
player in autophagy-mediated anti-cancer drug resistance. Br J Cancer
2021;124(10):1621–2.

21. Liu J, Wang D, Zhou J, Wang L, Zhang N, Zhou L, et al.
N6-methyladenosine reader YTHDC2 and eraser FTO may
determine hepatocellular carcinoma prognoses after transarterial
chemoembolization. Arch Toxicol 2021;95(5):1621–9.

22. Zou D, Dong L, Li C, Yin Z, Rao S, Zhou Q. The m6A eraser FTO
facilitates proliferation and migration of human cervical cancer cells.
Cancer Cell Int 2019;19(1):1–12.

23. Doaei S, Kalantari N, Izadi P, Salonurmi T, Jarrahi AM, Rafieifar S,
et al. Interactions between macro-nutrients’ intake, FTO and IRX3
gene expression, and FTO genotype in obese and overweight male
adolescents. Adipocyte 2019;8(1):386–91.

24. Yuzbashian E, Asghari G, Chan CB, Hedayati M, Safarian M, Zarkesh
M, et al. The association of dietary and plasma fatty acid composition
with FTO gene expression in human visceral and subcutaneous
adipose tissues. Eur J Nutr 2021;60(5):2485–94.

25. Isgin-Atici K, Alsulami S, Turan-Demirci B, Surendran S, Sendur SN,
Lay I, et al. FTO gene–lifestyle interactions on serum adiponectin
concentrations and central obesity in a Turkish population. Int J Food
Sci Nutr 2021;72(3):375–85.

26. Mehrdad M, Vahid F, Shivappa N, Hébert JR, Fardaei M, Eftekhari
MH. High dietary inflammatory index (DII) scores increase odds of
overweight in adults with rs9939609 polymorphism of FTO gene.
Clinical Nutrition ESPEN 2021;42:221–6.

27. Czajkowski P, Adamska-Patruno E, Bauer W, Fiedorczuk J, Krasowska
U, Moroz M, et al. The impact of FTO genetic variants on obesity
and its metabolic consequences is dependent on daily macronutrient
intake. Nutrients 2020;12(11):3255.

28. Doaei S, Kalantari N, Izadi P, Salonurmi T, Jarrahi AM, Rafieifar
S, et al. Changes in FTO and IRX3 gene expression in obese
and overweight male adolescents undergoing an intensive lifestyle
intervention and the role of FTO genotype in this interaction. J Transl
Med 2019;17(1):1–8.

29. Doaei S, Kalantari N, Mohammadi NK, Tabesh GA, Gholamalizadeh
M. Macronutrients and the FTO gene expression in hypothalamus;
a systematic review of experimental studies. Indian Heart J
2017;69(2):277–81.

30. Fischer J, Koch L, Emmerling C, Vierkotten J, Peters T, Brüning JC,
et al. Inactivation of the FTO gene protects from obesity. Nature
2009;458(7240):894–8.

31. Poritsanos N, Lew PS, Fischer J, Mobbs CV, Nagy JI, Wong D, et al.
Impaired hypothalamic FTO expression in response to fasting and
glucose in obese mice. Nutr & Diabetes 2011;1:e19.

32. Sideratou T, Atkinson F, Campbell GJ, Petocz P, Bell-Anderson KS,
Brand-Miller J. Glycaemic index of maternal dietary carbohydrate
differentially alters FTO and lep expression in offspring in C57bl/6
mice. Nutrients 2018;10(10):1342.

33. Ashkar F, Rezaei S, Salahshoornezhad S, Vahid F, Gholamalizadeh
M, Dahka SM, et al. The role of medicinal herbs in treatment
of insulin resistance in patients with polycystic ovary syndrome:
A literature review. Biomolecular Concepts 2019;11(1)
:57–75.

34. Yuzbashian E, Asghari G, Hedayati M, Zarkesh M, Mirmiran P, Khalaj
A. The association of dietary carbohydrate with FTO gene expression
in visceral and subcutaneous adipose tissue of adults without diabetes.
Nutrition 2019;63–4:92–7.

35. Hatami M, Doaei S, Gholamalizadeh M, Mosavi Jarrahi SA, Mirsafa
F, Davoodi SH. Association of calorie and carbohydrate intake with
tumour grade in early diagnosis of breast cancer: A case–control study.
Arch Physiol Biochem 2022;128(4):1111–4.

36. Pishdad S, Joola P, Bourbour F, Rastgoo S, Majidi N, Gholamalizadeh
M, et al. Association between different types of dietary
carbohydrate and breast cancer. Clinical Nutrition ESPEN 2021;46:
259–63.

37. Fung TT, Brown LS. Dietary patterns and the risk of colorectal cancer.
Current Nutrition Reports 2013;2(1):48–55.

38. Doaei S, Gholamalizadeh M, Akbari ME, Akbari S, Feradova H,
Rahimzadeh G. Dietary carbohydrate promotes cell survival in
cancer via the up-regulation of fat mass and obesity-associated gene
expression level. Malaysian Journal of Medical Sciences 2019;26(2):8.

39. Speakman JR, Rance KA, Johnstone AM. Polymorphisms of the FTO
gene are associated with variation in energy intake, but not energy
expenditure. Obes 2008;16(8):1961–5.

40. Porta C, Paglino C, Mosca A. Targeting PI3K/Akt/mTOR signaling in
cancer. Front Oncol 2014;4:64.

41. Doaei S, Bourbour F, Rastgoo S, Akbari ME, Gholamalizadeh M,
Hajipour A, et al. Interactions of anthropometric indices, rs9939609
FTO gene polymorphism and breast cancer: A case-control study. J
Cell Mol Med 2021;25(7):3252–7.

42. Mehrdad M, Doaei S, Gholamalizadeh M, Eftekhari MH. The
association between FTO genotype with macronutrients and
calorie intake in overweight adults. Lipids in Health and Disease
2020;19(1):1–6.

43. Claussnitzer M, Dankel SN, Kim K-H, Quon G, Meuleman W, Haugen
C, et al. FTO obesity variant circuitry and adipocyte browning in
humans. N Engl J Med 2015;373(10):895–907.

44. Stratigopoulos G, LeDuc CA, Cremona ML, Chung WK, Leibel RL.
Cut-like homeobox 1 (CUX1) regulates expression of the fat mass

FTO gene, lifestyle, and cancer 2415



and obesity-associated and retinitis pigmentosa GTPase regulator-
interacting protein-1-like (RPGRIP1L) genes and coordinates leptin
receptor signaling. J Biol Chem 2011;286(3):2155–70.

45. Stratigopoulos G, Burnett LC, Rausch R, Gill R, Penn DB, Skowronski
AA, et al. Hypomorphism of FTO and RPGRIP1L causes obesity in
mice. J Clin Invest 2016;126(5):1897–910.

46. Alsulami S, Aji AS, Ariyasra U, Sari SR, Tasrif N, Yani FF, et al.
Interaction between the genetic risk score and dietary protein intake
on cardiometabolic traits in Southeast Asian. Genes Nutr 2020;15(1):
19.

47. de Luis DA, Aller R, Izaola O, Primo D, Urdiales S, Romero E. Effects
of a high-protein/low-carbohydrate diet versus a standard hypocaloric
diet on weight and cardiovascular risk factors: Role of a genetic
variation in the rs9939609 FTO gene variant. Lifestyle Genomics
2015;8(3):128–36.

48. Merritt DC, Jamnik J, El-Sohemy A. FTO genotype, dietary protein
intake, and body weight in a multiethnic population of young adults: a
cross-sectional study. Genes Nutr 2018;13:4.

49. Olszewski PK, Fredriksson R, Olszewska AM, Stephansson O, Alsiö
J, Radomska KJ, et al. Hypothalamic FTO is associated with the
regulation of energy intake not feeding reward. BMC Neuroscience
2009;10(1):1–12.

50. Johansson A. Leucine intake affects brain activity and central
expression of genes associated with food intake, energy homeostasis
and reward [Student thesis].School of Sustainable Development of
Society and Technology, Mälardalen University;2011.

51. Cheung MK, Gulati P, O’Rahilly S, Yeo GS. FTO expression
is regulated by availability of essential amino acids. Int J Obes
2013;37(5):744–7.

52. Yeo GS. The role of the FTO (fat mass and obesity related) locus
in regulating body size and composition. Mol Cell Endocrinol
2014;397(1–2):34–41.

53. Gulati P, Cheung MK, Antrobus R, Church CD, Harding HP, Tung
YC, et al. Role for the obesity-related FTO gene in the cellular sensing
of amino acids. Proc Natl Acad Sci 2013;110(7):2557–62.

54. He C-L, Bian Y-Y, Xue Y, Liu Z-X, Zhou K-Q, Yao C-F, et al. Pyruvate
kinase M2 activates mTORC1 by phosphorylating AKT1S1. Sci Rep
2016;6(1):1–14.

55. Yuzbashian E, Asghari G, Chan CB, Hedayati M, Safarian M, Zarkesh
M, et al. The association of dietary and plasma fatty acid composition
with FTO gene expression in human visceral and subcutaneous
adipose tissues. Eur J Nutr 2021;60(5):2485–94.

56. Church C, Moir L, McMurray F, Girard C, Banks GT, Teboul L, et al.
Overexpression of FTO leads to increased food intake and results in
obesity. Nat Genet 2010;42(12):1086–92.

57. Nowacka-Woszuk J, Pruszynska-Oszmalek E, Szydlowski M, Szczerbal
I. Nutrition modulates FTO and IRX3 gene transcript levels, but does
not alter their DNA methylation profiles in rat white adipose tissues.
Gene 2017;610:44–8.

58. Zhong T, Duan X-Y, Zhang H, Li L, Zhang H-P, Niu L. Angelica
sinensis suppresses body weight gain and alters expression of the
FTO gene in high-fat-diet induced obese mice. Biomed Res Int
2017;2017:6280972.

59. Gulati P, Yeo GS. The biology of FTO: From nucleic acid demethylase
to amino acid sensor. Diabetologia 2013;56(10):2113–21.

60. Gholamalizadeh M, Mirzaei Dahka S, Vahid F, Bourbour F, Badeli M,
JavadiKooshesh S, et al. Does the rs9939609 FTO gene polymorphism
affect fat percentage? A meta-analysis. Arch Physiol Biochem 2020:1–
5.

61. Timpson NJ, Emmett PM, Frayling TM, Rogers I, Hattersley AT,
McCarthy MI, et al. The fat mass–and obesity-associated locus and
dietary intake in children. Am J Clin Nutr 2008;88(4):971–8.

62. Mehrdad M, Doaei S, Gholamalizadeh M, Fardaei M, Fararouei M,
Eftekhari MH. Association of FTO rs9939609 polymorphism with
serum leptin, insulin, adiponectin, and lipid profile in overweight
adults. Adipocyte 2020;9(1):51–6.

63. Jalili V, Mokhtari Z, Rastgoo S, Hajipour A, Bourbour F,
Gholamalizadeh M, et al. The association between FTO rs9939609

polymorphism and serum lipid profile in adult women. Diabetol
Metab Syndr 2021;13:138.

64. Kalantari N, Doaei S, Keshavarz-Mohammadi N, Gholamalizadeh M,
Pazan N. Review of studies on the fat mass and obesity-associated
(FTO) gene interactions with environmental factors affecting on
obesity and its impact on lifestyle interventions. ARYA Atherosclerosis
2016;12(6):281.

65. Richard AJ, White U, Elks CM, Stephens JM. Adipose tissue:
Physiology to metabolic dysfunction. Feingold KR,Anawalt B Boyce A
Endotext [Internet]. South Dartmouth (MA):MDText.com, Inc.;2020.

66. Xiang Y, Zhou W, Duan X, Fan Z, Wang S, Liu S, et al. Metabolic
syndrome, and particularly the hypertriglyceridemic-waist phenotype,
increases breast cancer risk, and adiponectin is a potential mechanism:
A case–control study in Chinese women. Frontiers in Endocrinology
2020;10:905.

67. Cho HW, Jin HS, Eom YB. The interaction between FTO rs9939609
and physical activity is associated with a 2-fold reduction in the risk of
obesity in Korean population. Am J Hum Biol 2021;33(3):e23489.

68. Andreasen CH, Stender-Petersen KL, Mogensen MS, Torekov SS,
Wegner L, Andersen G, et al. Low physical activity accentuates the
effect of the FTO rs9939609 polymorphism on body fat accumulation.
Diabetes 2008;57(1):95–101.

69. Rampersaud E, Mitchell BD, Pollin TI, Fu M, Shen H, O’Connell
JR, et al. Physical activity and the association of common FTO
gene variants with body mass index and obesity. Arch Intern Med
2008;168(16):1791–7.

70. Danaher J, Stathis CG, Wilson RA, Moreno-Asso A, Wellard RM,
Cooke MB. High intensity exercise downregulates FTO mRNA
expression during the early stages of recovery in young males and
females. Nutr Metab (Lond.) 2020;17:68.

71. Wang Q, Wang J, Lin H, Huo X, Zhu Q, Zhang M. Relationship
between fat mass and obesity-associated gene expression and type
2 diabetes mellitus severity. Experimental and Therapeutic Medicine
2018;15(3):2917–21.

72. Abd El Gayed EM, Zewain S, Ragheb A, ElNaidany SS. Fat mass
and obesity-associated gene expression and disease severity in type 2
diabetes mellitus. Steroids 2021;174:108897.

73. Czogała W, Czogała M, Strojny W, Wątor G, Wołkow P, Wójcik
M, et al. Methylation and expression of FTO and PLAG1 genes
in childhood obesity: Insight into anthropometric parameters and
glucose–lipid metabolism. Nutrients 2021;13(5):1683.

74. Bravard A, Veilleux A, Disse E, Laville M, Vidal H, Tchernof A, et al.
The expression of FTO in human adipose tissue is influenced by fat
depot, adiposity, and insulin sensitivity. Obes 2013;21(6):1165–73.

75. Rönn T, Volkov P, Gillberg L, Kokosar M, Perfilyev A, Jacobsen AL,
et al. Impact of age, BMI and hba1c levels on the genome-wide DNA
methylation and mRNA expression patterns in human adipose tissue
and identification of epigenetic biomarkers in blood. Hum Mol Genet
2015;24(13):3792–813.

76. Stratigopoulos G, Padilla SL, LeDuc CA, Watson E, Hattersley AT,
McCarthy MI, et al. Regulation of FTO/FTM gene expression in mice
and humans. American Journal of Physiology-Regulatory, Integrative
and Comparative Physiology 2008;294(4):R1185–96.

77. Sebert S, Hyatt M, Yiallourides M, Fainberg H, Patel N, Sharkey D,
et al. Influence of prenatal nutrition and obesity on tissue specific
fat mass and obesity-associated (FTO) gene expression. Reproduction
2009;139(1):265.

78. Doaei S, Kalantari N, Keshavarz Mohammadi N, Izadi P,
Gholamalizadeh M, Eini-Zinab H, et al. The role of FTO genotype
in the association between FTO gene expression and anthropometric
measures in obese and overweight adolescent boys. American Journal
of Men’s Health 2019;13(1):1557988318808119.

79. Scuteri A, Sanna S, Chen W-M, Uda M, Albai G, Strait J, et al. Genome-
wide association scan shows genetic variants in the FTO gene are
associated with obesity-related traits. PLos Genet 2007;3(7):e115.

80. Sentinelli F, Incani M, Coccia F, Capoccia D, Cambuli VM, Romeo S,
et al. Association of FTO polymorphisms with early age of obesity in
obese Italian subjects. Experimental Diabetes Research 2012;2012:1–7.

2416 Abdollahi et al.



81. Kalantari N, Keshavarz Mohammadi N, Izadi P, Gholamalizadeh M,
Doaei S, Eini-Zinab H, et al. A complete linkage disequilibrium in a
haplotype of three SNPs in fat mass and obesity associated (FTO) gene
was strongly associated with anthropometric indices after controlling
for calorie intake and physical activity. BMC Med Genet 2018;19(1):1–
6.

82. Kalantari N, Keshavarz Mohammadi N, Izadi P, Doaei S,
Gholamalizadeh M, Eini-Zinab H, et al. A haplotype of three
SNPs in FTO had a strong association with body composition and
BMI in Iranian male adolescents. PLoS One 2018;13(4):e0195589.

83. Church C, Lee S, Bagg EA, McTaggart JS, Deacon R, Gerken T, et al.
A mouse model for the metabolic effects of the human fat mass and
obesity associated FTO gene. PLos Genet 2009;5(8):e1000599.

84. McMurray F, Church CD, Larder R, Nicholson G, Wells S, Teboul L,
et al. Adult onset global loss of the FTO gene alters body composition
and metabolism in the mouse. PLos Genet 2013;9(1):e1003166.

85. Ronkainen J, Mondini E, Cinti F, Cinti S, Sebért S, Savolainen MJ, et al.
Fto-deficiency affects the gene and microRNA expression involved in
brown adipogenesis and browning of white adipose tissue in mice. Int
J Mol Sci 2016;17(11):1851.

86. Deng X, Su R, Stanford S, Chen J. Critical enzymatic functions of FTO
in obesity and cancer. Frontiers in Endocrinology 2018;9:396.

87. Gholamalizadeh M, Akbari ME, Doaei S, Davoodi SH, Bahar B, Tabesh
GA, et al. The association of fat-mass- and obesity-associated gene
polymorphism (rs9939609) with colorectal cancer: A case-control
study. Front Oncol 2021; 11:732515.

88. Akbari M, Gholamalizadeh M, Doaei S, Mirsafa F. FTO gene affects
obesity and breast cancer through similar mechanisms: A new insight
into the molecular therapeutic targets. Nutr Cancer 2018;70(1):30–6.

89. Yu J, Chen M, Huang H, Zhu J, Song H, Zhu J, et al. Dynamic m6A
modification regulates local translation of mRNA in axons. Nucleic
Acids Res 2018;46(3):1412–23.

90. Liu J, Yue Y, Han D, Wang X, Fu Y, Zhang L, et al. A METTL3–
METTL14 complex mediates mammalian nuclear RNA N 6-adenosine
methylation. Nat Chem Biol 2014;10(2):93–5.

91. Liu N, Pan T. RNA Epigenetics. Transl Res 2015;165(1):28–35.
92. Jia G, Fu Y, Zhao X, Dai Q, Zheng G, Yang Y, et al. N 6-

methyladenosine in nuclear RNA is a major substrate of the obesity-
associated FTO. Nat Chem Biol 2011;7(12):885–7.

93. Huang H, Weng H, Sun W, Qin X, Shi H, Wu H, et al. Recognition
of RNA N 6-methyladenosine by IGF2BP proteins enhances mRNA
stability and translation. Nat Cell Biol 2018;20(3):285–95.

94. Lewis CJ, Pan T, Kalsotra A. RNA modifications and structures
cooperate to guide RNA–protein interactions. Nat Rev Mol Cell Biol
2017;18(3):202–10.

95. Liu N, Pan T. N 6-methyladenosine-encoded epitranscriptomics. Nat
Struct Mol Biol 2016;23(2):98–102.

96. Gutschner T, Diederichs S. The hallmarks of cancer: A long
non-coding RNA point of view. RNA Biology 2012;9(6):
703–19.

97. Pandey RR, Kanduri C. Transcriptional and posttranscriptional
programming by long noncoding RNAs Long Non-Coding RNAs.
Berlin,Germany,Springer; 2011. p.1–27.

98. Ye F, Wang L, Castillo-Martin M, McBride R, Galsky MD, Zhu J,
et al. Biomarkers for bladder cancer management: Present and future.
American Journal of Clinical and Experimental Urology 2014;2(1):1.

99. Ji P, Diederichs S, Wang W, Böing S, Metzger R, Schneider PM,
et al. MALAT-1, a novel noncoding RNA, and thymosin β 4 predict
metastasis and survival in early-stage non-small cell lung cancer.
Oncogene 2003;22(39):8031–41.

100. M-c L, Z Y, Zhou L, Q-q Z, H-y X, Zhang F, et al. Long non-
coding RNA MALAT-1 overexpression predicts tumor recurrence
of hepatocellular carcinoma after liver transplantation. Med Oncol
2012;29(3):1810–6.

101. Wang J, Wang H, Zhang Y, Zhen N, Zhang L, Qiao Y, et al.
Mutual inhibition between YAP and SRSF1 maintains long non-coding
RNA, Malat1-induced tumourigenesis in liver cancer. Cell Signalling
2014;26(5):1048–59.

102. Zhao Z, Chen C, Liu Y, Wu C. 17β-Estradiol treatment inhibits breast
cell proliferation, migration and invasion by decreasing MALAT-1
RNA level. Biochem Biophys Res Commun 2014;445(2):388–93.

103. Pang E-J, Yang R, X-b Fu, Y-f L. Overexpression of long non-coding
RNA MALAT1 is correlated with clinical progression and unfavorable
prognosis in pancreatic cancer. Tumor Biology 2015;36(4):2403–7.

104. Zhou X, Liu S, Cai G, Kong L, Zhang T, Ren Y, et al. Long non coding
RNA MALAT1 promotes tumor growth and metastasis by inducing
epithelial-mesenchymal transition in oral squamous cell carcinoma.
Sci Rep 2015;5:15972.

105. Hu Z-Y, Wang X-Y, Guo W-b, Xie L-Y, Huang Y-q, Liu Y-P, et al.
Long non-coding RNA MALAT1 increases AKAP-9 expression by
promoting SRPK1-catalyzed SRSF1 phosphorylation in colorectal
cancer cells. Oncotarget 2016;7(10):11733.

106. Wang W, Zhu Y, Li S, Chen X, Jiang G, Shen Z, et al. Long noncoding
RNA MALAT1 promotes malignant development of esophageal
squamous cell carcinoma by targeting β-catenin via ezh2. Oncotarget
2016;7(18):25668.

107. Lara-Lemus R. On the role of myelin and lymphocyte protein (MAL)
in cancer: A puzzle with two faces. J Cancer 2019;10(10):2312.

108. Antón OM, Andrés-Delgado L, Reglero-Real N, Batista A, Alonso MA.
MAL protein controls protein sorting at the supramolecular activation
cluster of human T lymphocytes. J Immunol 2011;186(11):6345–56.

109. Li J, Li Y, Liu H, Liu Y, Cui B. The four-transmembrane protein
MAL2 and tumor protein D52 (TPD52) are highly expressed in
colorectal cancer and correlated with poor prognosis. PLoS One
2017;12(5):e0178515.

110. Byrne JA, Maleki S, Hardy JR, Gloss BS, Murali R, Scurry JP, et al.
MAL2 and tumor protein D52 (TPD52) are frequently overexpressed
in ovarian carcinoma, but differentially associated with histological
subtype and patient outcome. BMC Cancer 2010;10(1):1–11.

111. Amodio N, Raimondi L, Juli G, Stamato MA, Caracciolo D, Tagliaferri
P, et al. MALAT1: A druggable long non-coding RNA for targeted anti-
cancer approaches. J Hematol Oncol 2018;11(1):1–19.

112. Ma R, Zhang B, Zhang Z, Deng Q. LncRNA MALAT1 knockdown
inhibits cell migration and invasion by suppressing autophagy through
miR-384/GOLM1 axis in glioma. Eur Rev Med Pharmacol Sci
2020;24(5):2601–15.

113. Gao X, Chen Z, Li A, Zhang X, Cai X. MiR-129 regulates growth and
invasion by targeting MAL2 in papillary thyroid carcinoma. Biomed
Pharmacother 2018;105:1072–8.

114. Wang X, Huang N, Yang M, Wei D, Tai H, Han X, et al. FTO is required
for myogenesis by positively regulating mTOR-PGC-1 α pathway-
mediated mitochondria biogenesis. Cell Death Dis 2017;8(3):e2702–e.

115. Zhao X, Yang Y, Sun B-F, Shi Y, Yang X, Xiao W, et al. FTO-dependent
demethylation of N6-methyladenosine regulates mRNA splicing and is
required for adipogenesis. Cell Res 2014;24(12):1403–19.

116. Wang X, Zhao BS, Roundtree IA, Lu Z, Han D, Ma H, et al. N6-
methyladenosine modulates messenger RNA translation efficiency.
Cell 2015;161(6):1388–99.

117. Tao L, Mu X, Chen H, Jin D, Zhang R, Zhao Y, et al. FTO modifies the
m6A level of MALAT and promotes bladder cancer progression. Clin
Transl Med 2021;11(2):e310.

118. Merrill M, Yeh G, Phang J. Purified human erythrocyte pyrroline-5-
carboxylate reductase: Preferential oxidation of NADPH. J Biol Chem
1989;264(16):9352–8.

119. Phang JM, Liu W, Hancock CN, Fischer JW. Proline metabolism and
cancer: Emerging links to glutamine and collagen. Curr Opin Clin
Nutr Metab Care 2015;18(1):71.

120. Maxwell SA, Davis GE. Differential gene expression in p53-mediated
apoptosis-resistant vs. apoptosis-sensitive tumor cell lines. Proc Natl
Acad Sci 2000;97(24):13009–14.

121. Liu W, Phang JM. Proline dehydrogenase (oxidase) in cancer.
Biofactors 2012;38(6):398–406.

122. Guernsey DL, Jiang H, Evans SC, Ferguson M, Matsuoka M,
Nightingale M, et al. Mutation in pyrroline-5-carboxylate reductase 1
gene in families with cutis laxa type 2. The American Journal of Human
Genetics 2009;85(1):120–9.

FTO gene, lifestyle, and cancer 2417



123. Cai F, Miao Y, Liu C, Wu T, Shen S, Su X, et al. Pyrroline–5–
carboxylate reductase 1 promotes proliferation and inhibits apoptosis
in non–small cell lung cancer. Oncol Lett 2018;15(1):731–40.

124. Song W, Yang K, Luo J, Gao Z, Gao Y. Dysregulation of
USP18/FTO/PYCR1 signaling network promotes bladder cancer
development and progression. Aging 2021;13(3):3909.

125. Gu C, Shi X, Dai C, Shen F, Rocco G, Chen J, et al. RNA m6A
modification in cancers: Molecular mechanisms and potential clinical
applications. Innovation (Camb) 2020; 1(3):100066.

126. Chamcheu JC, Roy T, Uddin MB, Banang-Mbeumi S, Chamcheu
R-CN, Walker AL, et al. Role and therapeutic targeting of the
PI3K/Akt/mTOR signaling pathway in skin cancer: A review of current
status and future trends on natural and synthetic agents therapy. Cells
2019;8(8):803.

127. Yu JS, Cui W. Proliferation, survival and metabolism: The role
of PI3K/AKT/mTOR signalling in pluripotency and cell fate
determination. Development 2016;143(17):3050–60.

128. Nicholson KM, Anderson NG. The protein kinase B/Akt signalling
pathway in human malignancy. Cell Signalling 2002;14(5):381–95.

129. Noorolyai S, Shajari N, Baghbani E, Sadreddini S, Baradaran B. The
relation between PI3K/AKT signalling pathway and cancer. Gene
2019;698:120–8.

130. Stommel JM, Kimmelman A, Ying H, Nabioullin R, Ponugoti A,
Wiedemeyer R, et al. Coactivation of receptor tyrosine kinases
affects the response of tumor cells to targeted therapies Science
2007;318(5848):287–90.

131. Chalhoub N, Baker SJ. PTEN and the PI3-kinase pathway in cancer.
Annu Rev Pathol 2009;4(1):127–50.

132. Zhang C, Zhang M, Ge S, Huang W, Lin X, Gao J, et al.
Reduced m6A modification predicts malignant phenotypes and
augmented Wnt/PI3K-Akt signaling in gastric cancer. Cancer Med
2019;8(10):4766–81.

133. Liu Y, Wang R, Zhang L, Li J, Lou K, Shi B. The lipid metabolism
gene FTO influences breast cancer cell energy metabolism
via the PI3K/AKT signaling pathway. Oncol Lett 2017;13(6):
4685–90.

134. Gholamalizadeh M, Jarrahi AM, Akbari ME, Bourbour F, Mokhtari
Z, Salahshoornezhad S, et al. Association between FTO gene
polymorphisms and breast cancer: The role of estrogen. Expert Rev
Endocrinol Metab 2020;15(2):115–21.

135. Vickers NJ. Animal communication: When I’m calling you, will you
answer too? Curr Biol 2017;27(14):R713–5.

136. Zhang Z, Deng X, Liu Y, Liu Y, Sun L, Chen F. PKM2, function and
expression and regulation. Cell Biosci 2019;9:52.

137. Kumar Y, Tapuria N, Kirmani N, Davidson BR. Tumour M2-pyruvate
kinase: A gastrointestinal cancer marker. Eur J Gastroenterol Hepatol
2007;19(3):265–76.

138. Landt S, Jeschke S, Koeninger A, Thomas A, Heusner T, Korlach
S, et al. Tumor-specific correlation of tumor M2 pyruvate kinase in
pre-invasive, invasive and recurrent cervical cancer. Anticancer Res
2010;30(2):375–81.

139. Haug U, Hundt S, Brenner H. Sensitivity and specificity of faecal
tumour M2 pyruvate kinase for detection of colorectal adenomas in
a large screening study. Br J Cancer 2008;99(1):133–5.

140. Wong N, Ojo D, Yan J, Tang D. PKM2 contributes to cancer
metabolism. Cancer Lett 2015;356(2):184–91.

141. Lan Q, Liu PY, Haase J, Bell JL, Hüttelmaier S, Liu T. The critical role
of RNA m6A methylation in cancer. Cancer Res 2019;79(7):1285–92.

142. Li J, Zhu L, Shi Y, Liu J, Lin L, Chen X. m6A demethylase
FTO promotes hepatocellular carcinoma tumorigenesis via mediating
PKM2 demethylation. Am J Transl Res 2019;11(9):6084.

143. Tsai S-J, Hwang J-M, Hsieh S-C, Ying T-H, Hsieh Y-H. Overexpression
of myeloid zinc finger 1 suppresses matrix metalloproteinase-2
expression and reduces invasiveness of SiHa human cervical cancer
cells. Biochem Biophys Res Commun 2012;425(2):462–7.

144. Mudduluru G, Vajkoczy P, Allgayer H. Myeloid zinc finger 1
induces migration, invasion, and in vivo metastasis through Axl gene
expression in solid cancer. Mol Cancer Res 2010;8(2):159–69.

145. Eguchi T, Prince T, Wegiel B, Calderwood SK. Role and regulation
of myeloid zinc finger protein 1 in cancer. J Cell Biochem
2015;116(10):2146–54.

146. Liu J, Ren D, Du Z, Wang H, Zhang H, Jin Y. m6A demethylase
FTO facilitates tumor progression in lung squamous cell carcinoma
by regulating MZF1 expression. Biochem Biophys Res Commun
2018;502(4):456–64.

147. Tsai L, Wu J, Cheng Y, Chen C, Sheu G, Wu T, et al. The MZF1/c-MYC
axis mediates lung adenocarcinoma progression caused by wild-type
lkb1 loss. Oncogene 2015;34(13):1641–9.

148. Wong G, Liu W, Liu Y, Zhou B, Bi Y, Gao GF. MERS, SARS, and Ebola:
The role of super-spreaders in infectious disease. Cell Host Microbe
2015;18(4):398–401.

149. Zhang Z, Gao Q, Wang S. Kinase GSK3β functions as a suppressor in
colorectal carcinoma through the FTO-mediated MZF1/c-Myc axis. J
Cell Mol Med 2021;25(5):2655–65.

150. Everett R, Meredith M, Orr A, Cross A, Kathoria M, Parkinson J. A
novel ubiquitin-specific protease is dynamically 454 associated with
the PML nuclear domain and binds to a herpesvirus 455 regulatory
protein [corrected and republished article originally printed in 456
EMBO J 1997;16(3):566–77]. EMBO J.16:1519–30.

151. Valles GJ, Bezsonova I, Woodgate R, Ashton NW. USP7 is a master
regulator of genome stability. Front Cell Dev Biol 2020;8:717.

152. Turnbull AP, Ioannidis S, Krajewski WW, Pinto-Fernandez A, Heride
C, Martin AC, et al. Molecular basis of USP7 inhibition by selective
small-molecule inhibitors. Nature 2017;550(7677):481–6.

153. Sun Y, Cao L, Sheng X, Chen J, Zhou Y, Yang C, et al. WDR79
promotes the proliferation of non-small cell lung cancer cells via
USP7-mediated regulation of the MDM2-p53 pathway. Cell Death Dis
2017;8(4):e2743–e.

154. Malapelle U, Morra F, Ilardi G, Visconti R, Merolla F, Cerrato
A, et al. USP7 inhibitors, downregulating CCDC6, sensitize lung
neuroendocrine cancer cells to PARP-inhibitor drugs. Lung Cancer
2017;107:41–9.

155. Li J, Han Y, Zhang H, Qian Z, Jia W, Gao Y, et al. The m6A
demethylase FTO promotes the growth of lung cancer cells by
regulating the m6A level of USP7 mRNA. Biochem Biophys Res
Commun 2019;512(3):479–85.

156. Hsieh AL, Walton ZE, Altman BJ, Stine ZE, Dang CV. MYC and
metabolism on the path to cancer. Semin Cell Dev Biol 2015;43:11–
21.

157. Dhanasekaran R, Deutzmann A, Mahauad-Fernandez WD, Hansen
AS, Gouw AM, Felsher DW. The MYC oncogene—the grand
orchestrator of cancer growth and immune evasion. Nat Rev Clin
Oncol 2022;19(1):23–36.

158. Zhang N, Shen Y, Li H, Chen Y, Zhang P, Lou S, et al. The m6A reader
IGF2BP3 promotes acute myeloid leukemia progression by enhancing
RCC2 stability. Exp Mol Med 2022;54(2):194–205.

159. Li Z, Weng H, Su R, Weng X, Zuo Z, Li C, et al. FTO
plays an oncogenic role in acute myeloid leukemia as a N6-
methyladenosine RNA demethylase. Cancer Cell 2017;31(1):
127–41.

160. D’Altri T, Wilhelmson AS, Schuster MB, Wenzel A, Kalvisa A, Pundhir
S, et al. The ASXL1-G643Wvariant accelerates the development
of CEBPA mutant acute myeloid leukemia. Haematologica
2021;106(4):1000.

161. Guibal FC, Moog-Lutz C, Smolewski P, Di Gioia Y, Darzynkiewicz
Z, Lutz PG, et al. ASB-2 inhibits growth and promotes
commitment in myeloid leukemia cells. J Biol Chem 2002;277(1):
218–24.

162. Yang Z, Jiang X, Zhang Z, Zhao Z, Xing W, Liu Y, et al.
HDAC3-dependent transcriptional repression of FOXA2 regulates
FTO/m6A/MYC signaling to contribute to the development of gastric
cancer. Cancer Gene Ther 2021;28(1–2):141–55.

163. Yue C, Chen J, Li Z, Li L, Chen J, Guo Y. microRNA-96 promotes
occurrence and progression of colorectal cancer via regulation of the
AMPKα2-FTO-m6A/MYC axis. J Exp Clin Cancer Res 2020;39(1):1–
15.

2418 Abdollahi et al.



164. Tang X, Liu S, Chen D, Zhao Z, Zhou J. The role of the fat mass and
obesity–associated protein in the proliferation of pancreatic cancer
cells. Oncol Lett 2019;17(2):2473–8.

165. Han Z, Niu T, Chang J, Lei X, Zhao M, Wang Q, et al. Crystal structure
of the FTO protein reveals basis for its substrate specificity. Nature
2010;464(7292):1205–9.

166. Chen B, Ye F, Yu L, Jia G, Huang X, Zhang X, et al. Development of
cell-active N 6-methyladenosine RNA demethylase FTO inhibitor. J
Am Chem Soc 2012;134(43):17963–71.

167. Zheng G, Cox T, Tribbey L, Wang GZ, Iacoban P, Booher ME, et al.
Synthesis of a FTO inhibitor with anticonvulsant activity. ACS Chem
Neurosci 2014;5(8):658–65.

168. Singh B, Kinne HE, Milligan RD, Washburn LJ, Olsen M, Lucci A.
Important role of FTO in the survival of rare panresistant triple-
negative inflammatory breast cancer cells facing a severe metabolic
challenge. PLoS One 2016;11(7):e0159072.

169. Huang Y, Yan J, Li Q, Li J, Gong S, Zhou H, et al. Meclofenamic acid
selectively inhibits FTO demethylation of m6A over ALKBH5. Nucleic
Acids Res 2015;43(1):373–84.

170. Toh JD, Sun L, Lau LZ, Tan J, Low JJ, Tang CW, et al. A strategy
based on nucleotide specificity leads to a subfamily-selective and cell-
active inhibitor of N 6-methyladenosine demethylase FTO. Chem Sci
2015;6(1):112–22.

171. Su R, Dong L, Li C, Nachtergaele S, Wunderlich M, Qing
Y, et al. R-2HG exhibits anti-tumor activity by targeting
FTO/m6A/MYC/CEBPA signaling. Cell 2018;172(1–2):90–105.e23.

172. Qiao Y, Zhou B, Zhang M, Liu W, Han Z, Song C, et al. A
novel inhibitor of the obesity-related protein FTO. Biochemistry
2016;55(10):1516–22.

173. Huang Y, Su R, Sheng Y, Dong L, Dong Z, Xu H, et al. Small-molecule
targeting of oncogenic FTO demethylase in acute myeloid leukemia.
Cancer Cell 2019;35(4):677–91.e10.

174. Yang S, Wei J, Cui Y-H, Park G, Shah P, Deng Y, et al. m6A mRNA
demethylase FTO regulates melanoma tumorigenicity and response to
anti-PD-1 blockade. Nat Commun 2019;10(1):1–14.

175. Niu Y, Lin Z, Wan A, Chen H, Liang H, Sun L, et al. RNA
N6-methyladenosine demethylase FTO promotes breast tumor
progression through inhibiting BNIP3. Mol Cancer 2019;18(1):1–16.

FTO gene, lifestyle, and cancer 2419


	Unraveling the Complex Interactions between the Fat Mass and Obesity-Associated (FTO) Gene, Lifestyle, and Cancer
	Introduction
	Interactions of lifestyle, cancer, and FTO
	Dietary macronutrients and expression of FTO
	Physical activity and expression of FTO
	BMI and the FTO gene
	FTO gene expression impact on regulation of m6A and other cancer-related pathways
	FTO and metastasis related to lung adenocarcinoma transcript 1
	FTO and pyrroline-5-carboxylate reductase 1
	FTO and phosphatidylinositol 3-kinase/proteinkinase-B signaling pathway
	FTO andmyeloid zinc finger 1
	Small molecule inhibitors targeting FTO

	Conclusion
	Acknowledgments
	Data Availability
	References




