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modifications have been found [4]. In 1974, a methyl 
group at the N6 position of adenine was first found in 
mRNA. This modified base is called m6A, the most 
abundant internal modification on eukaryotic mRNA. 
The average 1000 nucleotides contain 1–2 m6A residues 
[5]. M6A mainly appears in the RRACH sequences, and 
is significantly enriched near the stop codon, 3’-UTR 
and long intron [6]. The basic processes of m6A modi-
fication is that it is installed by m6A methyltransferase, 
removed by m6A demethylase and recognized by m6A 
reading molecules thus regulating RNA metabolism. 
More and more evidences show that m6A can influence 
the expression of target genes, thus regulating a variety 
of physiological processes, including self-renewal, inva-
sion and proliferation. In the molecular mechanism, m6A 
is involved in almost all RNA metabolism processes, 
including translation, degradation, splicing, exporting 
and folding [7]. In recent years, many studies show that 
m6A is widely involved in tumor regulation, which fur-
ther regulates the occurrence and development of tumor 
by regulating tumor metabolism.

Cancer metabolism
For many years, the consensus of medical community for 
tumors is that they are gene-related diseases, almost all 
cancers are caused by gene changes. Accumulating evi-
dences of cancer phenotypes indicate that all cancers 
share six biological abilities in the process of multi-step 
development: continuous proliferation signaling, escape 
from proliferation inhibitor, resistance to cell death and 
apoptosis, immortality of replication, induction of angi-
ogenesis, and promotion of invasion and metastasis [8]. 
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three factors: the target is oncogene or tumor suppres-
sor gene; the abnormal level of m6A in cancer mainly 
depends on the expression and activity of “writers” and 
“erasers”; target mRNA is regulated after modification, 
which is mainly determined by “readers”.

At present, the researches on m6A “writers” is the 
most extensive. The “writers” of m6A are mainly com-
posed of METTL3, METTL14 and their cofactor WTAP 
(Table  1). There is an S-adenosylmethionine binding 
motif in METTL3 and METTL14. These two genes are 
located in the nuclear spot together and formed a sta-
ble heterodimer complex in the ratio of 1:1 [22]. As a 
pseudo-methyltransferase, METTL14 plays an impor-
tant role in stabilizing METTL3 and recognizing target 
RNAs. As the main regulatory and component mol-
ecule of m6A methylation complex, WTAP can help 
METTL3 and METTL14 locate in the nuclear plaques. 
In addition, m6A “writers” also include METTL16, 
KIAA1429 and RBM15. Among them, KIAA1429, as 
the largest scaffold component of m6A methyltrans-
ferase complex, is used to regulate 3’-UTR of genes and 
m6A methylation near the stop codon [23, 24].

Demethylation is mainly acted by FTO and ALKBH5. 
As a reversible step of m6A methylation, demethylase 
FTO can regulate fat production and energy homeosta-
sis [25]. ALKBH5 has the highest expression in testis, 
but lower expression in heart and brain, which can affect 
nuclear RNA output, metabolism and gene expression 
[26].

Besides “writers” and “erasers”, another indispensa-
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family is responsible for recruiting RNA stabilizers to 
promote mRNA stability, thereby affecting tumor pro-
gression [29].

The m6A and metabolic signaling pathways
The development of tumor progression needs metabo-
lism reprogramming. In fact, tumor metabolism repro-
gramming is mainly composed of bioenergy metabolism 
and biosynthesis metabolism. Bioenergy metabolism is 
mainly mediated by mitochondrion, while the biosyn-
thesis metabolism is mainly refers to regulation the syn-
thesis of glucose, lipid and amino acid. In addition to 
the tumor cells, the other cells in tumor microenviron-
ment including endothelial cells, fibroblasts and immune 
cells also need to undergo metabolic reorganization to 
meet the needs of promoting tumor progression. Tumor 
related signaling pathway is a series of enzymatic reac-
tion pathways with various effects on tumor cells. Thou-
sands of genes can regulate tumor progression, but most 
of them are attributed to the activation or inhibition of 
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The m6A and MAPK
Mitogen activated protein kinase (MAPK) signaling path-
way is a critical area to induce tumor, which is involved 
in a series of cellular physiological activities. MAPK is 
mainly composed of four subfamilies: extracellular signal 
regulated kinase (ERK), p38 mitogen activated protein 
kinase (p38 MAPK), c-Jun N-terminal kinase (JNK) and 
extracellular signal regulated kinase 5 (ERK5). Among 
them, RAS-Raf-MEK-ERK signaling pathway has been 
widely studied and found to be inextricably linked with 
tumor. Researches show that MAPK signaling par-
ticipates and plays an essential role in glycolysis. It is 
reported that as for p38 MAPK participates in aerobic 
glycolysis through regulating PFKBF3 and Glut2 [37]. 
Activation of MAPK/Erk signaling can induce c-Myc 
transcription, thus promoting glycolysis [38].

In pancreatic cancer, METTL3 deficient cancer cells 
are highly sensitive to gemcitabine, 5-fluorouracil, cispl-
atin and radiotherapy [39]. This is because METTL3 can 
regulate the cascade of MAPK, leading to resistance to 

chemotherapy and radiotherapy [39]. In renal cell car-
cinoma, ATP receptor P2RX6 may regulate  Ca2+ medi-
ated p-ERK1/2-MMP9 signaling pathway, and increase 
the invasion ability of RCC cells. METTL14 can increase 
P2RX6 precursor mRNA splicing, decrease P2RX6 pro-
tein translation and decrease P2RX6 mRNA and protein 
levels through m6A methylation [40]. METTL3 can pro-
mote activation of MAPK by promoting the methylation 
of pri-miR-1246 and targeting SPRED2 in colorectal can-
cer. Down-regulating SPRED2 further reverses the inhi-
bition of MAPK pathway and promotes the invasion and 
metastasis of tumor cells [41].

The m6A and PTEN
PTEN was discovered as a tumor suppressor at first, 
which mainly through negatively regulating PI3K-Akt 
signaling pathway. Thus, PTEN can also participate in 
tumor progression and glucose-lipid metabolism. PI3K 
can phosphorylate the metabolite PIP2 to PIP3, while 
the lipid phosphatase PTEN can dephosphorylate PIP3 

Fig. 1 The function, expression location and function in different tumors of m6A methylases, demethylases and recognition proteins
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and change it back to PIP2, thus inhibiting its accumula-
tion in cells and terminating the PI3K signaling pathway. 
In bladder cancer, METTL3 interacts with DGCR8, and 
actively promotes the maturation of pri-miR-221/222 in 
a m6A dependent manner, further reduces the expres-
sion of PTEN and promotes the proliferation of bladder 
cancer [42]. As we all known, hepatitis B virus is a direct 
factor leading to liver cancer. Studies show that hepatitis 
B virus can significantly increase the m6A modification 
of PTEN, leading to the instability of PTEN expression, 
and reduce the expression of PTEN. The expression of 
PTEN can directly increase the activation of IRF-3, pro-
mote the nuclear transcription of IRF-3, thus affecting 
the synthesis of interferons, and influence the occurrence 
and development of liver cancer [43].

The m6A and AMPK
AMPK, the signaling pathway which looks very similar 
to MAPK, with the full name is AMP-activated protein 

kinase. It can regulate energy homeostasis, and involved 
in a variety of signal transduction pathways. It is one of 
the central regulators of eukaryotic cells and maintains 
the smooth operation of cell physiological activities. 
When the expression of AMP and ADP increases, AMPK 
is activated. The activated AMPK pathway can affect 
metabolism recombination by phosphorylating the sub-
strates and transcriptional regulators. In fact, AMPK and 
mTOR signaling pathway are also closely related. In the 
case of nutritional deficiency, AMPK can directly phos-
phorylate Raptor, block the ability of mTORC1 kinase 
complex to phosphorylate its substrate, and inhibit cell 
growth. In breast cancer cells, low-dose SFN can play an 
anti-tumor role by reducing ATP and AMPK activation 
pool and stimulating energy stress induced by autophagy, 
which is caused by promoting DNA hypomethylation 
and reducing the methylation level of m6A, promoting 
genetic instability of cancer cells and inhibiting tumor 
progression [44].

Fig. 2 
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The m6A and Wnt
The function of Wnt signaling pathway is mostly in the 
regulation of embryonic development and cancer. Wnt-β-
catenin pathway can lead the accumulation of β-catenin 
in tumor cytoplasm and promote translocation of tran-
scription coactivator/LEF family to the nucleus. Abnor-
mal Wnt signaling is considered to be the driving factor 
of metabolic changes in glycolysis, glutamine decompo-
sition and adipogenesis, which is crucial for the survival 
of cancer stem cell population [45]. Glutamine deficiency 
in cancer stem cells can reduce Wnt signaling activity 
and induce the increasing phosphorylation of β-catenin. 
Therefore, the regulation of glutamine on stem cell-like 
cancer cells is partly through the phosphorylation and 
degradation of β-catenin mediated by reactive oxygen 
species [46].

In hepatoblastoma, the abnormal expression of 
METTL3 can promote tumor progression, and the 
modification of m6A in tumor cells generally increases. 
CTNNB1, as a key component of Wnt signaling, its m6A 
abundance increases significantly with the expression of 
METTL3, which enhances the stability of CTNNB1 and 
then activating Wnt-β-Catenin signaling pathway [47]. 
However, in gastric cancer cells, inhibition of m6A meth-
ylation can activate Wnt signaling pathway to promote 
tumor cell proliferation and invasion, while FTO knock-
out can reverse these molecular and behaviors changes 
[32]. These results show that distinct m6A methylation 
status of Wnt-β-catenin signaling might represent oppo-
site role in different tumors. In metastatic endometrial 
carcinoma, FTO can catalyze demethylation 3’-UTR 
region of HOXB13 mRNA, eliminate the recognition 
effect of YTHDF2 on the m6A methylation, reduce the 
attenuation effect of HOXB13 mRNA, and increasing 
the expression of HOXB13 can activate Wnt signaling 
pathway, thereby promoting tumor invasion and metas-
tasis [48]. In pancreatic ductal adenocarcinoma, silenc-
ing ALKBH5 can promote malignant biological behaviors 
of cancer cells, and also promote the drug resistance of 
cancer cells to chemotherapy. ALKBH5 can increase the 
mRNA expression of Wnt inhibitor factor 1 (WIF-1) by 
reducing the m6A modification of WIF-1 3’-UTR, and 
then regulates Wnt-β-catenin signaling. Recovery experi-
ment shows that the up-regulation of WIF-1 by ALKBH5 
can be restored by methylation inhibitor DAA [49].

The m6A and Hedgehog
Hedgehog signaling molecule is a kind of local protein 
ligand secreted by signal cells, which has a small range 
of action and its production is strictly controlled by 
time and space. Hedgehog signaling pathway is respon-
sible for controlling cell fate, proliferation and differen-
tiation of cells. Studies demonstrate that when aberrant 

activating the pathway can cause the occurrence and pro-
gression of tumor, which through regulating glycolysis 
and glutaminolysis [50, 51]. However, there are limited 
reports on the regulation of Hedgehog pathway by m6A 
methylation in tumors. In prostate cancer cells, silenc-
ing METTL3 reduces the m6A modification of Gli1, an 
important component of Hedgehog pathway, and reduces 
the expression of Gli1, as well as the expression of down-
stream of hedgehog pathway, which promotes tumor cell 
apoptosis [52].

The m6A and NF‑κB
NF-κB is one of the well-known tumor-related signal-
ing pathways, which is often shows in form of homodi-
mer or heterodimer, with p65 and p50. However, NF-κB 
can be inactivated in cytoplasm due to the formation of 
trimer complex by binding with IkB protein. When the 
upstream factor TNF binds to the receptor on the mem-
brane surface, the receptor conformation changes and 
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M2-like tumor-associated macrophages and regulatory 
T cells, and weakened the efficacy of PD-1 checkpoint 
blockers. The METTL3 deficient mice decreases m6A 
methylation level of SPRED2, which can’t be recognized 
by YTHDF1, thus the reduction of SPRED2 translation 
leads to enhance NF-κB activation and promote tumor 
progression [59].

The m6A and transcription factors
Transcription factors are proteins that regulate gene 
transcription process. It is an important part in regulat-
ing signal pathways, also known as the third messenger. 
Therefore, comprehensive analysis of the important role 
of transcription factors in tumor metabolism is a power-
ful supplement to investigate the role of signaling path-
ways in tumor metabolic recombination. Therefore, it is 
very necessary to find out the common signaling path-
ways and transcription factors correlated with metabolic 
recombination of tumor cells, immune cells and fibro-
blasts in the tumor microenvironment, so as to under-
standing the impacts of metabolic recombination on 
tumor microenvironment as a whole and promote tumor 
progression.

The m6A and HIF‑1
HIF-1 is a well-known hypoxia inducible factor, hypoxia 
and tumor are mutual positive feedback. Firstly, the 
increasing oxygen consumption caused by the prolifera-
tion of tumor cells promotes the hypoxia environment 
in the tumor microenvironment. On the contrary, the 
hypoxia microenvironment can promote the prolifera-
tion, differentiation, energy metabolism and drug resist-
ance of tumor cells through various factors and signaling 
pathways, thus forming a positive feedback loop to pro-
mote the malignant progress of tumor. It is one of the 
important reasons for poor prognosis of cancer patients. 
HIF-1α and HIF-2α are heterodimeric transcriptional 
activators, which consist of HIF-1α and HIF-2α subu-
nits regulated by  O2 and HIF-1β subunits constitutively 
expressed [60]. Due to the role of HIF plays in tumor 
microenvironment regulation, HIF can widely participate 
in tumor metabolic reorganization, including glucose 
metabolism, lipid metabolism and so on. HIF shows an 
essential role in regulating glycolysis in the development 
of various cancers, including regulates glycolysis enzymes 
of HK2, GLUT1, PKM2 and et al. [61, 62]. Studies have 
shown that a variety of m6A methylases can participate 
in the regulation of HIF-1 methylation level and expres-
sion, and then participate in tumor progression.

In breast cancer, hypoxia induces demethylation 
of m6A, mainly HIF-1α and HIF-2α, which is highly 
expressed under hypoxia, can activate the gene transcrip-
tion of ALKBH5, reduce NANOG m6A methylation and 

stabilize its stability, increase its protein expression, and 
promote the phenotype of breast cancer stem cells [63] 
(Supplementary Table 2). It is well known that the activa-
tion of autophagy is one of the important ways for cancer 
cells to survive in hypoxia. In hepatocellular carcinoma, 
HIF-1α promotes the expression of YTHDF1 by binding 
to the promoter of YTHDF1, and then combines with 
ATG2A and ATG14 by m6A modification to promote 
their translation and malignant progression of cancer 
[64].

In HCC, the expression of HBXIP (hepatitis B virus 
X-interacting protein) is up-regulated, which posi-
tively regulates the expression of downstream methylase 
METTL3 and promotes HIF-1α expression, sustain high 
level of glycolysis, thus promote malignant biological 
behavior of HCC cells [65]. In endometrial carcinoma, 
hypoxia and high level of ALKBH5 expression pro-
mote the transcription of SOX2 through demethylation, 
thereby increasing the stem cell-like phenotype of endo-
metrial carcinoma. Knockout HIFs or ALKBH5 can sig-
nificantly reduce its tumor initiation ability [66].

The m6A and FOXM1
FoxM1 is a common transcription factor regulating 
tumor cells, which is mainly involved in the regulation 
of cell cycle and is closely related to the abnormal prolif-
eration and division of tumor cells. In fact, FoxM1 has a 
strong regulatory effect on the metabolic recombination 
of tumor cells. Inhibition of FoxM1 expression signifi-
cantly decreases the activation and expression of GLUT1 
and HK2, and then inhibits the aerobic glycolysis and 
cell proliferation [67]. In gastric cancer, FoxM1 targets 
transcription and activation of Prx3, promotes stemness 
and metabolic reprogramming of gastric cancer cells, 
and increases the expression of mitochondrial fatty acid 
oxidative phosphorylation rather than glycolysis, which 
promotes drug resistance of tumor cells [68]. These stud-
ies suggest that FoxM1, as a transcription factor, can 
target metabolism-related genes and regulate tumor cell 
progression.

It is found that ALKBH5 is closely related to the 
expression of FOXM1, regulating the level of FOXM1 
methylation and tumor progression in many tumors. In 
glioblastoma stem cells, m6A demethylase ALKBH5 is 
highly expressed, which directly targets the new tran-
scripts of FoxM1 through demethylation, thus increasing 
the expression of FoxM1, and promoting the stemness 
and proliferation of tumor cells. HuR, as an RNA bind-
ing protein, promotes the expression of FoxM1 by bind-
ing to unmethylated 3’-UTR, and participates in the 
regulation of FoxM1 by ALKBH5. However, it is worth 
noting that FOXM1-AS is a long non-coding RNA of 
antisense FoxM1, which can promote the interaction 
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between ALKBH5 and FoxM1 new transcripts [69]. In 
oral squamous cell carcinoma, DDX3 can directly regu-
late the expression of ALKBH5, reduce m6A methylation 
in FoxM1 and NANOG new transcripts, lead to chemo-
therapy resistance [70].

The m6A and P53
At first, p53 was discovered as an oncoprotein antigen. 
Later, it was thought that p53 is an important oncogene. 
In fact, p53 is a broad-spectrum tumor suppressor gene. 
Wild-type p53 can promote cancer cell apoptosis, and its 
inactivation plays an important role in tumor formation. 
In malignant tumors, more than 50% of patients will have 
p53 mutations. Functionally, p53 acts as a transcription 
factor which can regulate cell cycle initiation. However, 
the function of p53 is not limited to directly regulation of 
cell cycle and apoptosis, which also widely involved in the 
metabolic reorganization of tumor cells through a variety 
of signaling pathways. In colorectal cancer, wild-type p53 
targets miR-143-3p-PDK2 signaling pathway to regulate 
tumor cell glucose metabolism and influence chemore-
sistance [71]. In addition, p53 inhibits glucose consump-
tion and NADPH expression by binding with G6PD [72]. 
Compared to glycolysis, wild-type p53 prefers to promote 
mitochondrial respiration when regulates cell metabolic 
diversity, which partly through trans-activation of SCO2, 
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The studies showed that c-Myc plays an important role 
in regulating cancer metabolism.

As an independent prognostic factor, c-Myc knockout 
can inhibit the expression of YTHDF1, thereby inhibiting 
the proliferation and chemoresistance of tumor cells [84]. 
In lung cancer, miR-338-5p can inhibit the expression of 
METTL3, thereby decreasing the m6A modification of 
c-Myc, down-regulating its expression and inhibiting the 
proliferation, invasion and migration of lung cancer cells 
[85]. In OSCC, METTL3 targets the 3’-UTR of c-Myc 
transcript to increase the m6A modification. YTHDF1 
cooperates with the METTL3 m6A effects to enhance 
the stability of c-Myc, therefore knockout METTL3 can 
inhibit the malignant progression of tumor cells [86]. In 
gastric cancer, HDAC3 can accelerate the invasion and 
migration of gastric cancer cells by targeting FOXA2. 
FOXA2 can bind to the promoter of m6A eraser FTO 
and reduce its expression. However, FTO can reduce 
the methylation of c-Myc in gastric cancer cells and sta-
bilize its expression, thereby affecting the tumor initia-
tion activity of gastric cancer cells [87]. In addition, the 
expression of METTL3 in gastric cancer cells can also 
affect the carcinogenic function of tumor cells, and its 
overexpression can promote tumor progression. MCM5 
and MCM6 are the molecules targeted by c-Myc, and 
METTL3 can regulate MCM5 and MCM6 through m6A 
modification. Knockout METTL3 significantly reduces 
the m6A levels of MCM5 and MCM6, thus inhibiting 
carcinogenic of gastric cancer [48]. In the acute myeloid 
leukemia (AML) carrying t (11q23), t (15;17) or t (8;21), 
METTL14 is up-regulated, and the down-regulation 
of METTL14 accompany with myeloid differentiation. 
Silencing METTL14 can promote the terminal differen-
tiation of AML cells, thus inhibit proliferation of AML 
cells. METTL14 plays a carcinogenic role by modifying 
the downstream expression of MYB-MYC in an m6A-
dependent manner. Inhibition METTL14 expression 
results in a significant decreasing of the half-life of MYB 
and MYC transcripts, thus inhibiting tumor progression 
[88].

The m6A and SRF
SRF (serum response factor) is a member of MADS box 
transcription factor superfamily. Its expression is highly 
conserved and participates in many important life activi-
ties of cells. Although the research on the relationship 
between SRF and metabolism reprogramming is very 
limited, some studies have shown that SRF is involved 
in high glucose induced epithelial mesenchymal transi-
tion or high glucose induced damage to retinal ganglion 
cells. High glucose stimulates the overexpression of SRF, 
which promotes the epithelial mesenchymal transition 
of human peritoneal mesothelial cells induced by high 

glucose through directly binding to Snail promoter [89]. 
In tumor cells, SRF can promote cell reprogramming into 
multifunctional cells [90]. SRF, together with MRTF and 
TCF, can regulate the migration, invasion, growth and 
proliferation of tumor cells in a signal and cytoskeleton 
dependent manner [91]. The synergistic effect of Myc and 
RhoA-SRF pathway has a synthetic lethal effect, which is 
caused by the insufficient utilization of glutamine, sug-
gesting that Myc and RhoA-SRF have metabolic coordi-
nation in maintaining the vitality of cancer cells [92].

IGF2BP1 promotes SRF expression in an m6A depend-
ent manner, enhances SRF dependent transcriptional 
activity at the post-transcriptional level, and promotes 
tumor cell proliferation and invasion. The results show 
that knockout METTL3 and METTL14 down-regu-
lates the expression of SRF in cells, while in the SRF-
3’-UTR mutant cancer cells, the deletion of METTL3 
and METTL14 don’t affect the expression of SRF. These 
results suggest that IGF2BP1 enhances SRF expression 
through a conserved 3’-UTR and m6A dependent man-
ner, and then regulates tumor progression [93]. However, 
the researches on regulation of SRF by m6A methylation 
in tumor are very limited, more researches are needed to 
clarify the role of m6A methylation in regulating SRF in 
tumor metabolism.

The m6A and OCT4
OCT4 is a member of the POU transcription factor fam-
ily, which has many subtypes. The translated proteins 
contain a conservative DNA binding domain, namely the 
POU binding domain, which is involved in regulating the 
stem cell stemness and differentiation. In human embry-
onic stem cells, silencing GLUT3 leads to the decrease 
of glucose uptake, lactate production and OCT4 expres-
sion, suggesting that the self-renewal of human embry-
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for maintaining the self-renewal of embryonic stem 
cells. In addition, Sox2 can act as one of the initial fac-
tor of inducing pluripotent stem cells. In ovarian cancer, 
as a transcription factor, Sox2 directly binds to the pro-
moter of ST6Gal-I to drive transcription and increases in 
N-glycosylated protein α2-6 linked sialic acid, promotes 
ST6Gal-I and α2-6-linked sialic acid expression, regulates 
glucose metabolism in cancer cells [97].

In endometrial cancer, PADI2 (peptide arginine deami-
nase II) can convert arginine residues to citrulline, par-
ticipates in the regulation of amino acid metabolism, 
catalyzes the citrullination of MEK1-R113/189, promotes 
the phosphorylation of ERK1/2, and activates the expres-
sion of IGF2BP1. IGF2BP1 can bind to the m6A site of 
Sox2 3’-UTR to inhibit its degradation, thus promoting 
the progression of endometrial cancer [98]. Studies have 
found that METTL3 plays a role of proto-oncogene in 
colorectal cancer, promotes the methylation level of Sox2 
in a m6A dependent manner, prevents Sox2 degradation 
through the synergistic effect of IGF2BP2, and main-
tains the expression of Sox2, thus promoting the pro-
gression of colorectal cancer [99]. In bladder cancer, the 
over-expression of METTL3 increases m6A methylation 
status, regulates the expression of AFF4, promotes its 
transcription by combining with the promoter region of 
Sox2, and promotes the self-renewal of cancer stem cells 
[100].

The m6A and ETS‑1
ETS-1, a member of ETS transcription factor family, has 
a conserved ETS-DNA binding domain and is a key fac-
tor in NK cell differentiation. In pancreatic cancer cells, 
silencing ETS-1 reduces the expression of GLUT-1, inter-
feres with glycolysis and reduces glucose utilization and 
lactate production, reduces the energy produced in the 
form of ATP, and inhibits the vitality and invasion abil-
ity of tumor cells [101]. WTAP is an important part of 
m6A writer, and its main function is to recruit methyl-
ase METTL3 and METTL14. As a transcription activator, 
ETS1 is regulated by Ras-RAF-MEK-ERK signaling path-
way [102]. In HCC, WTAP interacts with RNA binding 
protein HuR to regulate the transcription inhibition of 
ETS1 by m6A modification, and then regulates the down-
stream p21-p27 signal axis to regulate the progression of 
HCC [103].

The m6A and Snail
Zinc finger transcription factor superfamily Snail family 
is very conservative in evolution. The amino acid end of 
the Snail family members contains evolutionarily con-
served SNAG domain, which plays an important role in 
the regulation of transcription inhibition and participates 
in embryonic development and tumorigenesis. Snail itself 

is a highly unstable protein, regulated by comprehensive 
and complex network signals. In gastric cancer, up-regu-
lation of Snail promotes lactate production and glucose 
utilization, reduces the expression of FBP1, which is the 
rate limiting enzyme of gluconeogenesis, plays a positive 
role in regulating glucose metabolism, promotes glycoly-
sis, and then promotes EMT of tumor cells [104].

In HCC, knockout of METTL3 decreases the expres-
sion of Snail and inhibits the progression of HCC. Sumo 
binding enzyme UBC9 regulates the SUMOylation of 
METTL3, controls homeostasis and promotes the accu-
mulation of Snail, thus promotes the progression of 
HCC [105]. On the contrary, it is found that the expres-
sion of Snail mRNA decreases in the cells with SUMO 
mutant of METTL3 [106]. In addition, m6A can trigger 
the polysome mediated translation of Snail, which is in 
the CDS region of Snail instead of the 3’-UTR region, 
promote Snail transcription and participate in regulation 
EMT phenotype of tumor cells. Meanwhile, m6A reader 
YTHDF1 synergistically increases the translation of Snail 
mRNA which mediated by m6A methylation [107].

The m6A and non‑coding RNA
Non-coding RNA is a kind of non-coding transcripts 
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regulated by m6A methylation in influencing the cancer 
metabolism pathways need to be further investigated.

The m6A and metabolic
The m6A and glucose metabolism
Glucose metabolism can be divided into catabolism and 
anabolism. Its metabolic pathways mainly include anaer-
obic digestion of glucose, aerobic oxidation, pentose 
phosphate pathway and glycogen synthesis and decom-
position. It is well known that abnormal glucose metab-
olism is an important part of metabolic reprogramming 
in tumor cells. Among them, a marker of high invasive-
ness of cancer cells is energy metabolism, including the 
increase of glycolytic activity and lactic acid fermenta-
tion, namely Warburg  effect9, 136. Warburg effect is a typi-
cal feature of abnormal glucose metabolism in tumor. It 
can enhance glycolysis, glucose uptake and consump-
tion, and then make tumor cells more easily adapt to 

adverse living environment for malignant proliferation. 
Study shows that Warburg effect can promote the release 
of circ-0072083 in exosomes of resistance glioma cells, 
which targeting miR-1252-5p to regulate ALKBH5, dem-
ethylates NANOG and promotes its expression, further 
promotes TMZ resistance in glioma cancer cells [117]. In 
non-small cell lung cancer, METTL3 induces m6A meth-
ylation of LncRNA ABHD11-AS1, enhances the stability 
of ABHD11-AS1 transcript to increase its expression, 
and promotes the proliferation of tumor cells and War-
burg effect [120]. In colorectal cancer, the overexpression 
of m6A reader IMP2 (IGF2BP2) can stabilize ZFAS1/
OLA1 axis, which increases the recruitment of OLA1, 
ATP hydrolysis and glycolysis, activates Warburg effect, 
and enhances cell proliferation and colony formation of 
cancer cells [121].

HK2 is the first important rate limiting enzyme in 
glycolysis (Fig.  3). METTL3 targets the 3’-UTR of HK2 

Fig. 3 The function of m6A methylases that participate in cancer metabolism pathways, including glycolysis, amino acid synthesis, nucleotide 
synthesis and fatty acid synthesis. Importantly, the glycolysis of tumor cells regulated by m6A methylases mainly refers to Warburg effect, which is 
aerobic glycolysis
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mRNA. METTL3 recruits the m6A reader YTHDF1 to 
enhance the stability of HK2, thus promoting the War-
burg effect of cervical cancer [122] (Table 2). Extracellu-
lar acidification rate (ECAR) assay shows that METTL3 
can significantly promote glycolysis. After METTL3 
knockout and YTHDF1 silencing, the half-life of HK2 
mRNA is significantly shortened. In conclusion, the com-
bination of METTL3 and YTHDF1 enhances the stability 
of HK2 [122]. In gastric cancer, m6A writer WTAP can 
promote the proliferation and glycolysis of tumor cells, 
and knockout of WTAP can inhibit tumor progression. 
The mechanism is that through binding the 3’-UTR of 
HK2, WTAP can enhance the stability of HK2 mRNA, 
the carcinogenic effect of WTAP and its m6A mediate 
regulation of Warburg effect in gastric cancer, which pro-
vides a new way and target for the treatment of gastric 
cancer [123].

18F-FDG, or fluorodeoxyglucose, known as "century 
molecule", can accurately reflect the metabolic level 
of glucose, is the main imaging agent of PET-CT imag-
ing. Due to the high metabolism of cancer cells and the 
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Table 2 The relationship between m6A enzymes and cancer metabolism

Classification Cancer Type M6A Related 
Enzymes

Biological Behavior 
Changes

Related Enzymes Official Full Name of 
the Enzymes

References

Glucose metabolism Cervical cancer METTL3; YTHDF1 Promote Warburg 
effect and glycolysis

HK2 Hexokinase 2 [122]

Gastric cancer WTAP Promote the prolif-
eration and glycolysis 
of tumor cells

HK2 Hexokinase 2 [123]

Colorectal cancer METTL3; IGF2BP2; 
IGF2BP3

Activate glycolysis 
pathways

HK2; SLC2A1 Hexokinase 2; Solute 
carrier family 2 mem-
ber 1

[124]

Gastric cancer KIAA1429 Promote aerobic 
glycolysis to promote 
tumor progression

GLUT1 Glucose transporter 1 [126]

Pancreatic ductal 
adenocarcinoma

YTHDC1 Attenuation Warburg 
effect to inhibit 
tumor progression

SLC2A1; HK1 Solute carrier family 
2 member 1; Hexoki-
nase 1

[127]

Bladder cancer ALKHB5 Regulate glyco-
lysis pathways and 
glucose absorption, 
lactate and ATP 
production

CK2α Casein Kinase 2α [128]

Hepatocellular carci-
noma

FTO Accumulate gly-
colysis into anabolic 
pathways

PKM2 Pyruvate Kinase M2 [129]

Colorectal cancer IGF2BP2 Promote glycolysis c-MYC MYC proto-oncogene [131]

Lung adenocarci-
noma

FTO; YTHDF1 Promote tumor 
glycolysis and tumo-
rigenesis

c-MYC MYC proto-oncogene [132]

GBM FTO Promote aerobic gly-
colysis and promote 
chemoresistance

PDK1 Pyruvate dehydroge-
nase kinase 1

[133]

Cervical cancer and 
Liver cancer

YTHDF1; IGF2BP3 Promote glycolysis 
and ATP generation

PDK4 Pyruvate dehydroge-
nase kinase 4

[134]

Breast cancer WTAP Promote glycolysis 
and promote tumor 
progression

ENO1 Enolase 1 [135]

Renal cell carcinoma METTL14 Promote tumor cell 
distal lung metastasis

BPTF Bromodomain PHD 
finger transcription 
factor

[136]

Fatty acid metabolism Hepatocellular carci-
noma

FTO; YTHDF2 Influence the content 
of adipogenic 
enzymes and intra-
cellular lipids

FASN Fatty acid synthase [141]

Esophageal cancer HNRNPA2B1 Promote cellular 
lipid accumulation 
to promote tumor 
progression

ACLY; ACC1 ATP citrate lyase; 
Acetyl-CoA carboxy-
lase

[143]

Amino acid metabo-
lism

Renal clear cell 
carcinoma

FTO Synthetic death with 
VHL and activate 
VEGF and PDGF

SLC1A5 Solute carrier family 1 
member 5

[146]

Colorectal cancer IGF2BP1 Promote the tumori-
genesis

MYC MYC proto-oncogene [147]
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The m6A and fatty acid metabolism
Lipid metabolism is a complex biochemical reaction in 
organism, including digestion, absorption, synthesis and 
decomposition of fat under different types of enzymes, 
which is essential for maintaining cell homeostasis. In 
cancer, because of the high demand for nutrients, tumor 
cells often regulate and utilize lipid metabolism to main-
tain their own proliferation, survival, invasion and metas-
tasis. De novo synthesis of fatty acids is an important 
metabolic marker in cancer. Enhanced adipogenesis 
provides an important substance and energy source for 
tumor growth [137]. Fatty acid oxidation is an important 
source of cellular energy. Inhibition of fatty acid oxida-
tion can inhibit the growth of tumor cells [138]. Up-reg-
ulation of FAO may maximize the production of ATP, 
reduce intracellular ROS and protect cancer cells from 
death [139]. Lipid transformation induces the activation 
key fatty acid synthesis enzymes in tumor cells, such as 
acetyl CoA carboxylase (ACC) and fatty acid synthase 
(FAS), and then promotes the proliferation and survival 
of cancer cells [140].

In hepatoma cells, FTO knockout significantly reduces 
the content of new adipogenic enzymes and intracellular 
lipids. This is because FTO knockout makes YTHDF2 
play its recognition function, significantly increases the 
level of FASN m6A, decreases the stability and expres-
sion of FASN, and significantly decreases the protein lev-
els of acetyl CoA carboxylase ACC and ATP citrate lyase, 
thus inhibiting the formation of new fat, leads to insuffi-
cient lipid accumulation and induces apoptosis [141].

Carnitine palmitoyltransferase 1B (CPT1B) is the rate 
limiting enzyme of fatty acid oxidation. High m6A meth-
ylation level in drug-resistant cells can trigger the splicing 
of ESRRG precurser, increases the expression of CPT1B 
and induces up-regulation of ERRγ in chemoresistant 
cells, which can promote fatty acid oxidation of tumor 
cells and enhance chemoresistance of tumor cells [142]. 

In esophageal cancer, m6A reader HNRNPA2B1 can up-
regulate fatty acid metabolism-related genes ACLY and 
ACC1, and thus promote cellular lipid accumulation, 
which can further promote tumor progression, includ-
ing proliferation, migration and invasion of cancer cells 
[143].

The m6A and amino acid metabolism
Amino acids are produced by the hydrolysis of proteins. 
The metabolism of amino acids in the body includes 
two main aspects: one is the synthesis of proteins, pep-
tides and other nitrogen-containing substances needed 
for their own synthesis; the other is the decomposition 
amino acids through deamination, transamination func-
tions to produce α-ketoacid, CO2, etc. Among them, 
α-ketoacids can release energy through TCA oxidation 
[144]. Serine, glycine and other nonessential amino acids 
are closely related to the occurrence and development 
of cancer, so inhibiting the activity of these nonessential 
amino acids can be used as a potential means of cancer 
treatment. TCA is not only the final metabolic pathway 
of the three nutrients, but also the hub of carbohydrate, 
lipid and amino acid metabolism. In order to maintain 
a functional TCA cycle, cancer cells usually rely on the 
elevation of glutamatelyase. Therefore, glutamine decom-
position is another important feature of tumor energy 
metabolism [145].

VHL protein is HIF family substrate recognition site, 
targeting HIF family can degrade ubiquitin mediated pro-
teasome. In renal clear cell carcinoma, the lack of tumor 
suppressor gene VHL is a significant sign. VHL and FTO 
have the function of synthetic death. The inactivation 
of VHL leads to the structural activation of VEGF and 
PDGF, which can target downstream glutamine trans-
porter SLC1A5, promotes the metabolic reprogramming 
of VHL deficient renal cancer cells, selectively reduces 

Table 2 (continued)

Classification Cancer Type M6A Related 
Enzymes

Biological Behavior 
Changes

Related Enzymes Official Full Name of 
the Enzymes

References

Mitochondrial 
metabolism

Renal clear cell 
carcinoma

METTL3 Regulate one carbon 
metabolism and 
aerobic glycolysis of 
tumor cells

MTHFD2; HIF-2α Methylenetetrahydro-
folate dehydrogenase 
2; Hypoxia inducible 
factor-2α

[151]

Renal clear cell 
carcinoma

FTO Regulate mitochon-
drial activity and pro-
mote oxidative stress 
and ROS production

PGC-1α PPARG coactivator 1α [153]

Breast cancer METTL3 Inhibit apoptosis 
of mitochondrial, 
attenuate resistance 
to tamoxifen

AK4 Adenylate kinase 4 [154]
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the growth and survival of VHL deficient renal cancer 
cells [146].

Long non-coding RNA Linc00266-1 can encode a pep-
tide composed of 71 amino acids, which is called RNA 
binding regulatory peptide (RBRP). As long as the pep-
tide mainly interacts with RNA binding proteins includ-
ing IGF2BP1, Linc00266-1, as a subunit regulated by 
m6A reader, enhances the recognition of c-Myc m6A site 
by IGF2BP1, increases the mRNA stability and expres-
sion level of c-Myc and promotes the tumorigenesis 
[147].

Histone modifications have huge effects on gene 
expression. Huang et  al. reported that histone H3 tri-
methylation at lysine 36 (H3K36me3) significantly 
enriched m6A modification, which can be recognized 
and bounded by METTL14. In the embryonic stem cells 
of mouse, the knockdown of METTL14 and depletion 
of H3K36me3 significantly reduces m6A abundance, 
and increases the stemness of cells [148]. ALKBH1 can 
also works as an m6A demethylation enzyme. In lung 
cancer, ALKBH1 is up-regulated, due to its function of 
demethylation the essential residues Y184, H231, D233, 
H287, R338 and R344, it can significantly promote tumor 
migration and invasion of cancer cells [149].

The m6A and mitochondrial metabolism
As the energy factory of cells, mitochondria produce ATP 
to cells by burning glucose, lipids and amino acids, which 
can complete various life activities for cell functions. 
However, in recent years, studies have found that there 
are many correlations between mitochondrial metabo-
lism and tumorigenesis. At the same time, because mito-
chondria are the metabolic center of cells, and tumor 
cells have the characteristics of abnormal metabolism, 
the development of compounds targeting mitochon-
dria has become a new direction of anti-tumor research. 
Although the Warberg effect has been verified in all kinds 
of tumorigenesis, it has been found that oxidative phos-
phorylation and mitochondria dependent energy syn-
thesis are the key processes to maintain the stemness of 
some tumor cells in recent years [150]. Many studies have 
found that the growth of tumor cells can be regulated 
through mitochondrial metabolism reprogram.

One carbon metabolism, including folate cycle, 
methionine cycle and sulfur transfer pathway, plays a 
key role in a series of metabolic processes required for 
tumor cell survival and growth. Methylenetetrahydro-
folate dehydrogenase 2 (MTHFD2) is a mitochondrial 
enzyme involved in one carbon metabolism, which 
regulates HIF-2α transcriptomic mechanism thus influ-
ences the progression of RCC. Although MTHFD2 has 
not been identified as an m6A methylase by defini-
tion, MTHFD2 expression is significantly increased in 

renal cell carcinoma and is involved in regulation the 
overall level of m6A methylation, especially HIF-2α 
m6A methylation, promotes HIF-2α expression, thus 
promotes aerobic glycolysis of tumor cells and tumor 
progression. One carbon metabolism is associated 
with HIF-2α dependent metabolic reprogramming 
combined with the RNA methylation modification. 
MTHFD2 can regulate mRNA methylation and spe-
cifically increase the methylation level of METTL3 
dependent HIF-2α. HIF-2α in turn can bind to the pro-
moter region of MTHFD2 gene, and its overexpression 
increases the level of MTHFD2, thus forming a positive 
feed-forward loop to promote metabolic recombination 
and tumor progression [151].

Meclofenac is a non-steroidal anti-inflammatory 
drug, which is mainly used in the treatment of arthri-
tis, analgesia and dysmenorrhea. However, recent stud-
ies have found that meclofenac can also be used as a 
highly selective FTO inhibitor to reduce ROS accumu-
lation and apoptosis, and participates in the regulation 
of mitochondrial function [152]. FTO plays an anti-
tumor role in renal clear cell carcinoma. Chronic mito-
chondrial dysfunction can lead to the loss phenotype of 
VHL (von Hippel Lindau), the most common mutated 
tumor suppressor gene in renal cell carcinoma. Accu-
mulation of metabolites during mitochondrial dysfunc-
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Implication in chemotherapy
Chemotherapy is one of the most effective means to 
treat cancer. Together with surgery and radiotherapy, it 
is called the three major treatment means of cancer. The 
purpose of chemotherapy is to cure tumor, delay tumor 
metastasis, alleviate tumor symptoms and minimize toxic 
reactions.

Studies demonstrate that the m6A modification of 
genes show the relevance to chemotherapy in cancer. In 
pancreatic cancer, METTL3-depleted cancer cells show 
higher sensitivity to gemcitabine, 5-FU and cisplatin 
[39] (Table  3). This result shows that m6A methylation 
regulated cancer can play an important role in chemo-
therapy. In non-small cell lung cancer, in order to adapt 
hypoxia microenvironment, YTHDF1 is down-regulated, 
which further causes the resistance to cisplatin through 
regulating the translation of CDK2, CDK4 and cyclin D1 
[155]. However, in colorectal cancer, YTHDF1 is signifi-
cantly up-regulated, which reduces the sensitivity to cis-
platin. Thus, YTHDF1 expression shows totally different 
expression models in distinct cancer. In fact, YTHDF1 
can bind to the 3’-UTR of GLS1, and promote the pro-
tein synthesis of GLS1. Thus, YTHDF1 promotes cispl-
atin resistance through reprogramming GLS1-glutamine 
metabolism in colorectal cancer [156]. In leukemia, the 
resistance to tyrosine kinase inhibitor (TKI) is dependent 
on over-expression of FTO [157]. PARP inhibitor is an 
effectively targeting therapeutic drug in ovarian cancer, 
which mainly used to platinum sensitive recurrent ovar-
ian cancer patients, thus the resistance to PARP inhibi-
tor is a big challenge for ovarian cancer patients. The 
m6A methylation level can contribute to PPAR inhibitors 
resistance to the BRCA deficient cancer cells through 

up-regulating Wnt/β-catenin pathway via stabilizing 
FZD10. The increases of FZD10 m6A level, which medi-
ated by down-regulation of FTO and ALKBH5, promotes 
PARP inhibitor resistance, which is due to the increase 
of homologous recombination activity [158]. In pancre-
atic ductal adenocarcinoma (PDAC), ALKBH5 works as 
a tumor suppressive gene, which shows more chemo-
sensitizing to gemcitabine. In addition, The silencing of 
ALKBH5 significantly promotes proliferation, migration 
and metastasis of cancer cells [49].

Implication in immunotherapy
PD-1 is a star immunosuppressive molecule, which can 
down-regulate the response of the immune system, and 
regulates the immune system by inhibiting the activity of 
T cells, so as to promote immune tolerance. In tumors, 
PD-1 can help tumor cells escape from the immune sys-
tem. At present, there are many monoclonal antibodies 
targeting PD-1 on the market and used in clinic. How-
ever, in some conditions, the response of tumor patients 
to anti-PD-1 therapy is limited, so it is necessary to com-
bine with other targeted drugs. In colorectal cancer and 
melanoma, knockout of METTL3 and METTL14 inhib-
its m6A modification, stabilizes STAT1 and IRF1 mRNA 
expression, and promotes IFNγ-Stat1-Irf1 signaling 
transduction through the synergistic effects of YTHDF2, 
which increases the expression of  CD8+ T cells, and 
increases the secretion of IFN-γ, CXCL9 and CXCL10, 
enhances the response of pMMR-MSI-L to PD-1 treat-
ment [159].

In human acute myeloid leukemia (AML), FTO pro-
motes the occurrence of leukemia. FB23 and FB23-2, 
as the inhibitors of FTO, can directly bind with FTO to 

Table 3 The relationship between m6A enzymes and cancer treatment

Classification Cancer Type M6A Related Enzymes Biological Behavior Changes References

Chemotherapy Pancreatic cancer METTL3 Decrease sensitivity to gemcitabine, 5-FU and 
cisplatin

[39]

Non-small cell lung cancer YTHDF1 Promote chemosensitivity to cisplatin [155]

Colorectal cancer YTHDF1 Promote cisplatin resistance through reprogram 
GLS1-glutamine metabolism

[156]

Leukemia FTO Promote resistance to tyrosine kinase inhibitor (TKI) [157]

Ovarian cancer FTO; ALKBH5
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proliferator activated receptor; PRR5: Proline rich 5; PTEN: Phosphatase and 
tensin homolog; RBM15: RNA binding motif protein 15; RBRP: RNA binding 
regulatory peptide; ROS: Reactive oxygen species; SLC1A5: Solute carrier 
family 1 member 5; SOX2: Sex determining region Y-box 2; SPRED2: Sprouty-
related EVH1 domain containing 2; SRF: Serum response factor; STAT : Signal 
transducer and activator of transcription; SUMO: Small ubiquitin-like modifier; 
TAZ: Tafazzin; TCA : Tricarboxylic acid; TLR4: Toll-like receptor 4; TMZ: Temozolo-
mide; TNF: Tumor necrosis factor; TRIM25: Tripartite motif containing 25; UBC9: 
Ubiquitin-conjugating enzyme E2I; UTR : Untranslated region; VEGF: Vascular 
endothelial growth factor; VHL: Von Hippel-Lindau tumor suppressor; VIRMA: 
Vir like m6A methyltransferase associated; WIF-1: Wnt inhibitor factor-1; WTAP: 
Wilms tumor 1 associated protein; XIST: X-inactive specific transcript; YAP: 
Yes-associated protein; YTHDC: YTH domain-containing; YTHDF: YTH domain-
containing family protein.
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