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Epitranscriptomic modifications can affect every aspect of RNA biology, including stability, transport, splicing, and
translation, participate in global intracellular mMRNA metabolism, and regulate gene expression and a variety of
biological processes. N6-methyladenosine (m6A) as the most prevalent modification contributes to normal

embryonic brain development and memory formation.

m6A-modifying enzymes Epitranscrptome Neuropsychiatric disorders

Drug discovery based on m6A related enzymes

| 1. Introduction

Epigenetic modification refers to the reversible and heritable changes in gene function under the condition of an
unchanged gene sequence and mainly includes DNA methylation and histone modification LIZEBIAIE! Similar to
DNA epigenetics, RNA epigenetics also involves RNA chemical modifications that regulate gene expression by
affecting RNA stability and translation . To date, more than 150 types of RNA modifications have been identified,
such as N1-methyladenosine @, N7-methylguanosine &, 5-methylcytosine &, N6,2-dimethyladenosine glycosides
(10111 - etc. These RNA modifications are widely distributed in various types of RNA, including messenger RNA
(mRNA), transfer RNA (tRNA), ribosomal RNA (rRNA), small non-coding RNA, and long non-coding RNA (IncRNA)
22 Among them, m6A modification is the most common chemical modification on mRNA discovered in recent
years 13, Studies have shown that m6A modification is involved in the metabolic activity of intracellular mRNA,
regulates gene expression, and controls various biological processes such as RNA stability and mRNA translation

(141 Nevertheless, the detailed mechanisms of m6A modification have not been fully elucidated.

It has been reported that m6A modification is highly enriched in the brain and plays an important role in central
nervous system development and neurodegenerative diseases 3. The m6A modification is involved in the
biological process of the central nervous system by regulating neural-related mRNA expression. When the activity
or expression level of m6A-modifying enzymes in the brain is altered, the m6A modification level of related mMRNAs
is disrupted, leading to blockage of nuclear export, splicing, translation, and other processes, which in turn results
in the occurrence of central nervous system diseases 18],

| 2. m6A RNA Methylation Mechanism
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Desrosiers et al., 1975 first proposed a new RNA epigenetic modification, N6-methyladenosine (m6A), when
analyzing the polyadenylic acid structure in a tumor cell, and found that approximately 80% of mMRNA
epitranscriptomic changes are m6A methylation modifications 7. Since then, the presence of m6A has been
detected in the RNAs of various eukaryotes and viruses such as yeast and Arabidopsis [28I1920] Recent studies
have revealed that there are more than 7000 m6A-modified mMRNAs in mammalian cells, and m6A also exists in
ribosomal RNAs, transfer RNAs, small nucleolar RNAs, miRNAs, and long non-coding RNAs 121 A comprehensive
analysis of mMRNA methylation has shown that the distribution of m6A in protein-coding regions, untranslated
regions, and introns was 50.9%, 41.9%, and 2.0%, respectively. In the protein-coding region, m6A is mainly
enriched near the stop codon, while in the untranslated region, m6A is mainly enriched at the 3’ end L1, Analysis of
the results of m6A high-throughput sequencing shows that m6A modification commonly occurs on the sequence of
adenine of RRACH motif (R represents A or G, H represents U, A, or C) 29 |n mammals, the content of m6A
modification varies in different tissues and is especially enriched in the liver, kidney, and brain [, In recent years,
with the advancement of m6A modification detection methods, the mechanism of m6A modification has been
gradually uncovered. The dynamic regulation mechanism of m6A modification mainly relies on three enzymes,
namely methyltransferase complexes (“Writers”), demethylases (“Erasers”), and methyl readers (“Readers”)
(Figure 1). Writers use S-adenosylmethionine (SAM) as a methyl donor to catalyze the formation of a methyl group
at the sixth N element of adenine in RNA. At the same time, this modification can also be removed by an eraser to
achieve dynamic adjustment. Readers are responsible for recognizing modification signals, which in turn affect the
processes of RNA export, splicing, translation, and degradation.
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Figure 1. Dynamic m6A modification of RNA. Abbreviations: METTL3 (Methyltransferase-like protein 3); METTL14
(Methyltransferase-like protein 14); WTAP (Wtl Associated Protein); KIAA1429 (Vir Like MBA Methyltransferase
Associated, VIRMA); RBM15 (RNA Binding Motif Protein 15); HAKAI (Cbl Proto-Oncogene Like 1); ZC3H13 (Zinc
Finger Ccch-Type Containing 13); METTL16 (Methyltransferase-like protein 16); FTO (Fat Mass and Obesity
Associated Protein); ALKBH5 (Alkb Homolog 5, RNA Demethylase); elF3 (eukaryotic initiation factor 3); hnRNP
(heterogeneous nuclear ribonucleoprotein); YTHDF2 (Yth N6-Methyladenosine RNA Binding Protein 2); YTHDF1
(Yth N6-Methyladenosine RNA Binding Protein 1); YTHDF3 (Yth N6-Methyladenosine RNA Binding Protein 3);
YTHDC1 (Yth Domain Containing 1); YTHDC2 (Yth Domain Containing 2).

2.1. m6A Methyltransferase (Writers)
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The m6A-modified methyltransferase complex is mainly composed of METTL3, METTL14, WTAP, and KIAA1429
and also includes ZFP217 (Zinc Finger Protein 217), RBM15, RBM15B (RNA Binding Motif Protein 15B), HAKAI,
ZC3H13, and other components 22231, Among them, METTL3 is the core component of methyltransferase that
plays a catalytic role, and METTL14 is responsible for RNA recruitment, forms a heterodimer with METTLS3, and
jointly promotes the production of m6A modification. WTAP is responsible for stabilizing the complex, while RBM15
and RBM15B assist METTL3 in binding to WTAP so that they can precisely localize the target site and participate

in the production of the m6A modification.

The m6A methyltransferase enzyme complex was first isolated with artificially synthesized RNA fragments from
Hela cells, named MT-A (200 kDa) and MT-B (800 kDa), respectively 24231 Subsequently, MT-A1 and MT-A2 were
successfully separated from MT-A. MT-Al has a smaller molecular weight, only 30 kDa, and no methylase activity
was found; MT-A2 as a multimer has a molecular weight of 200 kDa. The MT-A protein includes a 70 kDa protein
with an S-adenosylmethionine binding site (MT-A70), which has the function of catalyzing m6A modification. MT-B
has the largest molecular weight (875 kDa) in the enzyme complex, and has the properties of an RNA-binding
protein, but its catalytic activity is low, and in the absence of MT-A1 and MT-A2, MT-B methylase activity
disappeared [22. The MT-A70 subunit contains two motifs, the S-adenosylmethionine (SAM) binding site and the
DPPW motif (Asp-Pro-Pro-Trp) functional domain with catalytic function 22281, immunofluorescence showed that
METTL3 was mainly located in the nuclear speckles region in the nucleus, and this region was highly enriched for
mRNA splicing factors, which indicated the potential role of METTL3 in the regulation of RNA metabolism 22!,

METTL14 is an m6A-catalyzed methyltransferase discovered by homology analysis of the MT-A70 family (27,
Studies have shown that knockdown of METTL14 can reduce the extent of m6A modification in Hela cells and
293T cells, suggesting that METTL14 can catalyze the methylation reaction of m6A [28: METTL3 and METTL14
can form a stable heterodimeric core complex with equal amounts, which functions as a methylase, and the
complex of METTL3 and METTL14 has a strong affinity for the conserved sequence GGACU modified by m6A.
METTL14 alone has higher m6A methylase activity than METTL3 alone, and when these two proteins combine into
a heterodimer, the catalytic activity is significantly increased, and both are colocalized in the nuclear plaque region
of the nucleus, playing a synergistic role in maintaining the stability of each other’s proteins. The downregulation of
METTL3 or METTL4 leads to increased expression of certain target genes, suggesting that m6A may reduce
mRNA stability (28], Further investigation of the structure of the METTL3-METTL14 complex revealed that METTL3
has a catalytic subunit that serves mainly as the core of m6A’'s catalytic activity, while METTL14 is mainly

responsible for RNA recognition and binding while stabilizing the structure of the complex [221[29],

WTAP is the third identified m6A-modifying enzyme component. Originally, WTAP functions as a splicing factor for
WT1 (Wilms tumor 1) protein and regulates cell cycle and embryonic development B9, |n Arabidopsis, the
homologous protein mMRNA adenosine methylase (MTA) of METTL3 was first found to interact with FIP37 (FKBP12
interacting protein 37) in vitro and in vivo, and FIP37 is the homologous protein of WTAP 1. Meanwhile, Liu et al.
(2014) found that WTAP can bind to the heterodimeric METTL3-METTL14 core complex and affect its catalytic
activity of m6A modification 28, Ping et al., 2014 found that WTAP interacts with the METTL3-METTLI4 complex,

which may contribute to its localization in the pre-mRNA enriched nuclear plague region and is essential for the
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catalytic activity of m6A. Under the absence of WTAP, the RNA-binding ability of METTL3 decreased significantly,
suggesting that WTAP may regulate the recruitment of the m6A methyltransferase complex to mRNA targets 23],
METTL3 and METTL14 mainly bind the GGAC motif, WTAP mainly binds the GACU maotif, and the three proteins

share approximately 36% of the common binding motif (28],

RBM15 is another component of the m6A methyltransferase complex. Proteomic analysis revealed that RBM15,
RBM15B, and WTAP may have a synergistic effect on m6A methyltransferase. The knockout of WTAP reduces the
interaction between METTL3 and RBM15. Down-regulated expression of RBM15 and RBM15B significantly
decreased m6A modification and reduced XIST-mediated downregulation 321,

2.2. m6A Demethylases (Erasers)

Similar to DNA and histone methylation, RNA has m6A demethylases that remove m6A-modified methyl groups. By
2011, FTO and ALKBH5 have been confirmed to be m6A-modified demethylating enzymes 2. FTO was first
discovered while studying fused toe mutations in mice 4!, and subsequent studies found that the absence of FTO
in mice leads to increased energy expenditure and systemic sympathetic activation. This leads to stunted growth
and a marked reduction in adipose tissue and lean body mass 2. In humans, mutations in FTO lead to a
significant increase in body mass index, obesity, and a predisposition to diabetes 8. Gerken et al., 2007 found
that FTO belongs to the family of Fe(ll) and 2-OG-dependent dioxygenases that catalyze the demethylation of
single-stranded DNA B7. |n 2011, Jia et al., 2011 found that FTO can effectively demethylate m6A and that the
knockout of FTO leads to an increase in the amount of m6A in mRNA, demonstrating for the first time the
demethylase effect of FTO 3]; Xu et al., 2014 found that the expression of FTO significantly negatively correlated
with the degree of m6A modification during adipogenesis. Downregulation of FTO can increase the level of m6A
modification of the alternative splicing regulator SRSF2 (Serine and Arginine Rich Splicing Factor 2) and improve
its RNA-binding ability. Additionally, FTO affects the exon splicing of the adipogenic regulator RUNX1T1 (Runxl
Partner Transcriptional Co-Repressor 1) by regulating the level of m6A near the splice site, thereby regulating

adipose progenitor cell differentiation 28!,

ALKBHS5, the second m6A demethylase discovered in 2013, reverses the m6A modification of mMRNA in vitro and in
vivo. In HelLa cells, the downregulation of ALKBH5 increased m6A content in total mMRNA by 9% and the
overexpression of ALKBH5 decreased m6A content in total mMRNA by 29% B2, In addition, ALKBH5 can affect
MRNA processing, nuclear export, and RNA metabolism through demethylase activity, and the level of mMRNA m6A
in mice with ALKBH5 gene deficiency is significantly increased, leading to apoptosis of spermatocytes in mid-

meiosis and significantly weakening reproductive ability 2.

2.3. m6A Binding Proteins (Readers)

The main function of reader proteins is to recognize bases undergoing m6A modification and thus regulate the
biological function of RNA. The identified m6A-binding proteins mainly include YTH domain-containing RNA-

binding proteins, hnRNP, elF3, IGF2BPs (insulin-like growth factor 2 mRNA-binding proteins), etc., which can
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specifically recognize and bind to m6A-modified mRNA and then play regulatory roles in mRNA stability, export,
translation, splicing, and degradation [4Q41][42][43][44]

YTHDF2 is the first m6A-binding protein to be discovered. Studies have shown that m6A can regulate the stability,
processing, or translation of m6A-modified RNAs mainly by recruiting specific reader proteins or altering the RNA
structure. YT521-B homology domain family (YTHDF) proteins are cytoplasmic recognizers of m6A that can
specifically recognize and bind m6A-modified RRCH sequences and affect the stability and translation efficiency of
RNAs containing m6A modifications; The direct interaction between the N-terminal region of CNOT1 and the SH
region of the CNOT1 (Ccr4-Not Transcription Complex Subunit 1) subunit regulate target mMRNA deadenylation and
degradation 421461,

YTHDF1 is another m6A-recognizing protein that was later identified. Investigating other functional roles of m6A
modification, Wang et al., 2015 discovered another m6A-binding protein, YTHDF1, that can selectively recognize
m6A-modified mMRNA, promote its loading on ribosomes, enhance binding to translation initiation factor elF3 and

translation initiation, and affect gene expression by influencing mRNA translation and degradation 221,

It was also confirmed that YTHDF3 is an m6A-binding protein that promotes the translation of m6A-modified mRNA
and may play a role in the initiation phase of translation via ribosomal proteins. The translation efficiency of the
common targets of YTHDF1 and YTHDF3 was significantly enhanced, suggesting that the two may play a
synergistic role in the translation process to produce their regulatory functions and that the effect of YTHDF3 on its
own specific targets may be related to other RNA processing 48]149],

YTHDC1 is mainly located in the nucleus and can form YT bodies around the active transcription site and RNA
processing structures. It was later found to bind specifically to m6A-modified RNA and regulate mRNA splicing;
YTHDC1 and YTHDF2 share 21% of the m6A binding site. YTHDC1 has a stronger binding force to m6A
modification and can easily bind to the GG (m6A) C sequence, and most of its binding sites are located around the
stop codon 42, Xiao et al., 2016 found that YTHDCL1 can inhibit the binding of splicing factor SRSF10 (Serine and
arginine rich splicing factor 10) to target mRNA by promoting the binding of SRSF3 (Serine and arginine rich
splicing factor 3) mRNA, increasing its exons, and then regulating mRNA splicing B2,

The cytoplasmic m6A-binding protein YTHDC?2 is critical for regulating m6A transcripts to ensure successful
meiotic gene expression programs in mammalian reproduction B, Hsu et al., 2017 and Jain et al., 2018 found that
YTHDC2 can specifically recognize m6A modification sites, promote translation of its target, and reduce its mMRNA
abundance [B2I33],

The IGF2BPs family includes three RNA-binding proteins (RBPs), IGF2BP1 (Insulin Like Growth Factor 2 mRNA
Binding Protein 1), IGF2BP2 (Insulin Like Growth Factor 2 mRNA Binding Protein 2), and IGF2BP3 (Insulin Like
Growth Factor 2 mRNA Binding Protein 3) 4], Huang et al. (2018) reported that the IGF2BPs family can recognize

the modification site of m6A, function as an m6A-binding protein to bind to m6A-modified mMRNA transcripts, and
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increase the stability of target mMRNAs, such as MYC (Myc Proto-Oncogene, Bhlh Transcription Factor), thereby

regulating gene expression 24!,

The hnRNP family also contains three RNA-binding proteins, HNRNPC (Heterogeneous Nuclear Ribonucleoprotein
C), HNRNPA2B1 (Heterogeneous nuclear ribonucleoprotein A2/B1), and HNRNPG (RNA binding motif protein X-
linked). Among them, HNRNPC is an RNA-binding protein in the nucleus that is mainly responsible for processing
pre-mRNA, m6A-modified mRNA, and IncRNA, and can alter their local structure to then regulate gene expression
by regulating the alternative splicing of exons B2, HNRNPA2B1, a member of the hnRNP family of RNA-binding
proteins, has the ability to bind m6A-modified RNA substrates, and is involved in the regulation of biological
processes such as miRNA precursor processing and alternative splicing of mRNA B8 HNRNPA2B1 specifically
recognizes the m6A site sequence RGACH (R = G/A, H = A/C/U), and then promotes the interaction with the pri-
MiRNA microprocessor complex protein DGCR8 (DGCRS8 microprocessor complex subunit), promotes pri-miRNA
maturation, and then regulates microRNA expression B8IEAB8] Subsequently, Wu et al., 2018 reported the crystal
structures of HNRNPA2B1 in a complex with various RNA targets and elucidated the molecular basis of specific
and multivariant recognitions of RNA substrates. The results of biochemistry and bioinformatics analysis suggested
that m6A switches may be responsible for enhancing the accessibility of HNRNPA2B1 binding to specific binding
sites 2. Moreover, HNRNPG has a low-complexity AGG (Arg-Gly-Gly) structural domain that binds to RNAs with

m6A modifications and regulates their stability and expression 84,
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