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Abstract

In recent years, with the development of RNA sequencing technology and bioinformatics methods, the epigenetic
modification of RNA based on N6—methyladenosine (m°®A) has gradually become a research hotspot in the field of
bioscience. m°A is the most abundant internal modification in eukaryotic messenger RNAs (mRNAS). moA methylation
modification can dynamically and reversibly regulate RNA transport, localization, translation and degradation through
the interaction of methyltransferase, demethylase and reading protein. m°A methylation can regulate the expression
of proto-oncogenes and tumor suppressor genes at the epigenetic modification level to affect tumor occurrence and
metastasis. The morbidity and mortality of esophageal cancer (EC) are still high worldwide. Esophageal squamous

cell carcinoma (ESCC) is the most common tissue subtype of EC. This article reviews the related concepts, biological
functions and recent advances of m°A methylation in ESCC, and looks forward to the prospect of m°A methylation as

a new diagnostic biomarker and potential therapeutic target for ESCC.
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Introduction

Esophageal cancer (EC) is one of the most invasive malig-
nant tumors of digestive tract in the world, and its mor-
bidity and mortality are still high in China [1]. 90% of the
histopathological types of esophageal cancer are esopha-
geal squamous cell carcinoma (ESCC) [2]. EC is caused
by a variety of causes, among which genetic and epige-
netic modifications play a key role in the occurrence and
development of ESCC [3, 4]. In recent years, although
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surgical resection, combined radiotherapy and chemo-
therapy have improved the prognosis of patients with
ESCC, the 5-year overall survival rate is still very low [5],
between 20 and 30% [6]. Therefore, there is an urgent
need to find new diagnostic biomarkers and potential
therapeutic targets for ESCC patients.

In recent years, with the continuous development of
tumor epigenetics, N6-methyladenine (m®A) has not only
initiated a new era of post-transcriptional gene regula-
tion in eukaryotes, but also rapidly become a research
hotspot in the field of RNA methylation modification. As
a reversible RNA methylation modification, m°A meth-
ylation is dynamically regulated by a variety of regulatory
factors [7]. The imbalance of m®A methylation regula-
tors changes the biological functions of cell proliferation,
migration and invasion, and finally leads to the occur-
rence and development of tumor.
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This article reviews the related concepts and biological
functions of m®A methylation and the research progress
in ESCC. In addition, it also emphasizes the prospect
of m°A methylation as a new diagnostic biomarker and
potential therapeutic target for ESCC.

Related concepts and biological functions of m°A
methylation

m°®A refers to the methylation at the N6 position of aden-
osine, which is mainly concentrated in the 3’untranslated
region near the mRNA Terminator. m®A modification
mainly occurs in the RRm®ACH sequence [8]. As one of
the most common and abundant internal modifications
in mammals and eukaryotes [9], m°A RNA modification
involves almost all aspects of RNA metabolism [10]. Its
regulation process is mainly dynamically and reversibly
regulated by a variety of regulatory factors. The methyl-
ated proteins involved in m°A methylation are mainly
methyltransferases, demethylases and RNA binding pro-
teins [11-13]. They can add, remove or give priority to
recognize m°A sites, which play a key regulatory role
in the expression of the whole genome and have a great
impact on normal physiological function or pathological
status [14].
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m®A is involved in many cellular RNA processes,
including transcription, splicing, nuclear transport,
translation and degradation [12, 15]. By affecting the sta-
bility and half-life of mRNA, m®A regulates gene expres-
sion and regulates important biological functions such
as mammalian reproductive function, circadian rhythm,
adipogenesis and human lifespan [16]. Its interference
may affect gene table regulation and cell biological func-
tion [17], and indirectly affect the stability and half-life of
mRNA, leading to tumors and many diseases. The basic
mechanism of m°A methylation in RNA is shown in
Fig. 1.

m®A modified writing gene (writers)

The written genes are various methyltransferases that
promote m°A RNA methylation modification. At pre-
sent, the components identified by m°A methyltrans-
ferase include methyltransferase like 3 (METTL3),
METTL14, Wilms’ tumor 1 associated protein (WTAP),
and Virilizer like m°A methyltransferase associated pro-
tein (VIRMA/KIAA1429), RNA binding motif protein 15
(RBM15), zinc finger CCCH domain-containing protein
13 (ZC3H13), Casitas B-lineage lymphoma-transforming
sequence-like protein 1, CBLL1/HAKAI).
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Fig. 1 Basic mechanism of m®A methylation in RNA. Basic mechanism of m°A. The m°A methylation is catalyzed by the writer complex including
METTL3, METTL14, WTAP, VIRMA, RBM15, ZC3H13 and CBLL1. The m°A modification is removed by demethylase FTO or ALKBH5. Reader proteins
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Methyltransferase mainly forms stable complexes
through core proteins such as METTL3, METTL14 and
WTAP. m°A methylation occurs on the bases of mRNA
[18], in which METTL3 is a subunit with catalytic activ-
ity, METTL14 is responsible for recognizing the sub-
strate, WATP is mainly responsible for assisting METTL3
and METTL14 to target to nuclear spots, and WTAP has
independent methylation sites, which can make some
m®A sites specific methylation. VIRMA/KIAA1429,
another component of methyltransferase complex, is a
protein involved in alternative splicing and interacts with
WTAP.

m®A modified eraser gene (erasers)

The erase gene can remove the m°A modification in the
RNA molecule by encoding m°A demethylase, which
is the key to the reversible process of m®A modifica-
tion [19]. m®A demethylase has been identified as AlkB
homolog 5 (ALKBHS5) [20] and fat mass and obesity asso-
ciated (FTO) [21]. Although they have similar functions,
but the action process is different.

ALKBHS5 can catalyze the m°A modification demeth-
ylation of RNA in vitro [20], which can significantly affect
the output of mRNA and RNA metabolism as well as the
assembly of mRNA processing factors in nuclear spots.
FTO has the function of demethylation of m°A on single-
stranded DNA and RNA, and they are highly expressed
in fat, brain and hypothalamus [22], which is vital to
metabolism.

m®A modified reading protein (readers)

The protein that selectively binds to the post-transcrip-
tional product of m°A is called m®A reading protein. At
present, the research on m°A modified reading protein
is mainly focused on the YT521-B homology domain
family (YTHDEF), YT521-B homology domain contain-
ing (YTHDC), heterogeneous nuclear ribonucleoprotein
binding protein (HNRNP), and insulin like growth factor
2 mRNA binding protein 2 (IGF2BP2), eukaryotic trans-
lation initiation factor (eIF3) and ELAV like RNA binding
protein 1 (ELAVL1/HuR).

YTHDCI1 may affect the splicing of mRNA and its
output from the nucleus [15]. YTHDF2, YTHDF3 and
YTHDC2, such as YTHDEF2, which promote the degrada-
tion of mRNA, can selectively bind to methylated mRNA,
participate in the storage and degradation of mRNA,
affect the decay process of mRNA, and may have a posi-
tive effect on human lifespan [23]. It is IGF2BP1/2/3 that
maintains the stability of mRNA [24], and it is YTHDF1,
YTHDEF3, YTHDC2 and IGF2BP1/2/3, that promote
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the translation of target mRNA. Among them, YTHDF3
can assist YTHDF1 to jointly promote the translation of
related mRNA [25].

The role and significance of m®A methylation

in ESCC

Studies have shown that m°A modified mRNA is mal-
adjusted in many cancers, and its role in cancer has
been gradually confirmed in vivo and in vitro, not only
non-coding "writing genes", "erasing genes" and "read-
ing genes", but also other protein factors, including
oncogenes, transcription factors and signal transduc-
tion factors. the overexpression or consumption of these
m®A-related factors may change the m°A modification in
the tumor and interfere with the progression of cancer.
The role of m°A regulatory factor in ESCC is shown in
Table 1. Therefore, to clarify the molecular mechanism of
these changes of m®A modified RNA and identifying the
abnormal expression of m°®A regulatory factors in clini-
cal biopsy specimens. It is of great significance for early
diagnosis of tumors, prediction of tumor prognosis and
provision of new approaches of tumor treatment.

m®A modification related protein was downregulated

in ESCC.

ALKBH5

Previous studies [26] have found that, the expression
of ALKBHS5 in EC tissue decreased. Functional analysis
showed that ALKBHS5 could inhibit the proliferation,
migration and invasion of EC cells. However, a recent
study found that ALKBH5 promotes the proliferation
and migration of ESCC [27]. These results contradict
previous findings. The reason may be that this study
did not compare the differential expression patterns
between ESCC and normal esophageal tissue, but only
detected the expression of ALKBH5 in ESCC. The results
of the cancer genome atlas (TCGA) database through
Gene Expression Profiling Interactive Analysis (GEPIA)
online tool show that the overall survival time of patients
with high expression of ALKBHS5 is longer than that of
patients with low expression, indicating that ALKBH5
plays a tumor inhibitory role in EC [28]. ALKBHS5 regu-
lates cell proliferation, migration, invasion, tumor pro-
gression, metastasis, tumorigenesis and chemotherapy
resistance might by regulating m®A methylation.
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Table 1 The role of m°A requlator in ESCC
m®A modified type m°A Expression Occurrence and Study model Biological Function Ref.
modification development of
related protein tumor
meA METTL3 Upregulated Promote In vivo: human The malignant pheno- [30,31]
writers type of ESCC cells was
significantly inhibited by
down-regulating PI3K/AKT
signal pathway
moA ALKBH5 Downregulated Inhibition - There is a positive feedback  [26]
erasers regulation node between
miR-193a-3p and ALKBH5
in esophageal cancer cells
FTO Upregulated Promote In vitro: KYSE150, Eca-109, Up-regulation of MMP13 [32]
TE-1 promotes cell prolif-
eration and migration in
esophageal squamous cell
carcinoma
m°®A readers YTHDC2 Downregulated Promote In vitro: HET-1A,TE-9, Eca- rs2416282 participates in [31]
109,KYSE150, EC9706 the risk of esophageal
cancer by regulating the
expression of YTHDC2
HNRNPA2B1 Upregulated Promote In vitro: HEEpIC, ECA109, Promoting the progress of ~ [33]
TE10 ESCC by up-regulating the
expression of fatty acid
synthase ACLY and ACC1
HNRNPC Upregulated Promote - HNRNPC may be the pro- [34]

moter of ESCA carcino-
genesis

YTHDC2

Yang et al. [29] through the study of the database, it was
observed that the expression of YTHDC2 was downreg-
ulated in esophageal cancer. In the proliferation experi-
ment, it was found that the low expression of YTHDC2
significantly promoted the growth of cells, suggesting
that YTHDC2 may play a role as a tumor suppressor in
ESCC. In the further enrichment analysis of Kyoto Ency-
clopedia of Genes and Genomes (KEGG) pathway, it
was observed that several pathological pathways related
to ESCC, including p53 signal pathway, NF-kappaB sig-
nal pathway and JAK-STAT signal pathway, were signifi-
cantly rich in downregulated genes, thus promoting the
proliferation of ESCC cells.

m®A modification related protein expression upregulated
in ESCC

METTL3

METTL3 is the core catalytic component of methyltrans-
ferase complex. Xia et al. [30] detected the expression of
METTL3 in 207 patients with ESCC. The results of open
data set and immunohistochemistry showed that the
expression of METTL3 in tumor tissues was up-regulated

compared with normal tissues adjacent to cancer, and the
higher the expression level of METTL3 was, the worse
the survival time was. In addition, it was also found
that the expression level of METTL3 was an independ-
ent predictor of disease-free survival and overall survival
in patients with ESCC. Another study [31] showed that
small interfer RNA (siRNA) gene knockout of METTL3
inhibited the survival, colony formation, migration and
invasion of EC cells, induced apoptosis, and significantly
inhibited the malignant phenotype of ESCC cells by
down-regulating PI3K/AKT signal pathway. In conclu-
sion, METTL3 is a good predictor of ESCC and can be
used as a potential biomarker for the prognosis of ESCC.

FTO

A study [32] through immunohistochemistry and data
mining of 80 pairs of ESCC tissues, it was found that the
expression of FTO in ESCC tissues was higher than that
in adjacent normal tissues. The survival curve shows that
the high expression of FTO has the trend of poor prog-
nosis. A large number of evidence in the study confirmed
that the downregulated expression of FTO can signifi-
cantly inhibit the proliferation and migration of ESCC.
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In addition, FTO promotes cell proliferation and migra-
tion in ESCC by upregulating matrix metallopeptidase 13
(MMP13). Therefore, FTO acts as a tumor promoter in
the progression of ESCC.

HNRNPA2B1

Guo et al. [33] found that the expression of m®A and
its regulatory factor HNRNPA2B1 was significantly
increased in ESCC tissues, and the high expression of
HNRNPA2B1 was positively correlated with tumor
diameter and lymph node metastasis of ESCC. In addi-
tion, functional studies have shown that HNRNPA2B1
gene knockout inhibits the proliferation, migration
and invasion of ESCC. In terms of mechanism, HNRN-
PA2B1 promotes the progress of ESCC by up-regulating
the expression of fatty acid synthase ATP citrate lyase
(ACLY) and aminocyclopropane- 1-carboxylate (ACC1),
indicating that HNRNPA2B1, as a carcinogenic factor,
promotes the progression of ESCC by accelerating fatty
acid synthesis, and may become a prognostic biomarker
and therapeutic target of ESCC.

In addition, ALKBH5 and HNRNPA2B1 are effective
indicators for predicting Overall Survival (OS) in patients
with ESCC. High expression of HNRNPA2B1 and low
expression of ALKBHS5 are risk factors for ESCC survival.
The combination of these two factors shows better pre-
dictive ability than using these two factors alone.

HNRNPC

Studies have shown that HNRNPC is overexpressed in
ESCC tissues, and its expression is negatively correlated
with the overall survival of patients with ESCC [34]. The
double gene prognostic markers composed of ALKBH5
and HNRNPC have been proved to be a good predictor
of survival outcome in ESCC.

m®A methylation as a therapeutic strategy for ESCC

More and more studies have found that microRNAs [35,
36] and circular RNAs [37] can be used as potential bio-
markers for prognosis, diagnosis and treatment of EC.
However, due to the high morbidity and mortality of EC,
it is necessary to find new anticancer drugs, such as cur-
cumin [38], which can be potentially used in chemother-
apy and chemoprevention of EC by regulating miRNAs.
Allicin [39] can achieve its anticancer effect by inhibiting
cell growth and inducing apoptosis.

As described in Table 1, m°®A plays different regulatory
roles in ESCC through different biological functions. In
addition, a study [40] constructed and verified prognos-
tic markers of ESCC based on m°A RNA methylation
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regulators, which may be a promising tool for predicting
patient survival and provide important information for
ESCC to make diagnosis and treatment strategies.

In recent years, many studies have revealed that m°A
plays an important role in the formation of many kinds of
tumors, such as breast cancer [41, 42], ovarian cancer [43,
44], cervical cancer [45], acute myeloid leukemia [46-48],
glioblastomas [49-51], non-small cell lung cancer [52—
55], hepatocellular cancer [56—59], gastric cancer [60],
colorectal cancer [61], pancreatic cancer [62], etc. Fur-
thermore, it is found that m®A modification plays a key
role in tumor radiotherapy, chemotherapy and drug ther-
apy. Table 2 summarizes the mechanism and drug resist-
ance of m®A regulatory factors in related tumors, which
may provide clinical reference value and significance for
the treatment of esophageal cancer in the future.

Although many scholars have reported the study of
m®A modification in tumor therapy, because the mech-
anism of tumor formation is very complex, accurate
m®A targeting therapy needs to be explored. By chang-
ing the m®A level of some specific genes corresponding
to mRNA in cells, it affects the expression of a series of
downstream oncogenes or transcription factors. It is pos-
sible that regulating the level of m®A in tumor cells will
become the entry point of tumor radiotherapy, chemo-
therapy and drug therapy [63, 64]. There is still a long way
to go in the treatment of tumor in the future.

Conclusion
In summary, with the development of biological tech-
niques such as high-throughput sequencing, the role of
m®A methylation in ESCC has been gradually revealed,
at present, it has been found that there are abnormal
expressions of METTL3, ALKBH5, FTO, YTHDC?2,
HNRNPA2B1 and HNRNPC in ESCC, mainly by affect-
ing the stability of mRNA, regulating cancer cell prolif-
eration and affecting tumor cell metastasis and invasion.
The discovery of m®A opens a new way for the study of
epigenetics and tumor-related diseases, but the study of
m®A modification is still in its infancy and there are still
many challenges. the aim is to further study the role of
epigenetic network in the occurrence and development
of ESCC and to strengthen the evaluation of the safety
and effectiveness of m°®A-related regulatory factors and
pathways as new targets for tumor therapy. To further
explore the correlation between m°®A and drug sensitiv-
ity and long-term prognosis of patients with ESCC, and
to realize the application of m°A from basic research to
clinical drug development as soon as possible.
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