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Abstract More than 100 types of chemical modifications in RNA have been well documented.
Recently, several modifications, such as N6-methyladenosine (m6A), have been detected in mRNA,
opening the window into the realm of epitranscriptomics. The m6A modification is the most abundant modification in mRNA and non-coding RNA (ncRNA). At the molecular level, m6A affects
almost all aspects of mRNA metabolism, including splicing, translation, and stability, as well as
microRNA (miRNA) maturation, playing essential roles in a range of cellular processes. The
m6A modification is regulated by three classes of proteins generally referred to as the ‘‘writer” (adenosine methyltransferase), ‘‘eraser” (m6A demethylating enzyme), and ‘‘reader” (m6A-binding protein). The m6A modification is reversibly installed and removed by writers and erasers, respectively.
Readers, which are members of the YT521-B homology (YTH) family proteins, selectively bind to
RNA and affect its fate in an m6A-dependent manner. In this review, we summarize the structures
of the functional proteins that modulate the m6A modification, and provide our insights into the
m6A-mediated gene regulation.

Introduction
RNA plays a significant role in the life cycle. Since the 1950s,
more than 100 types of chemical modifications have been
described in RNA, particularly in rRNA and tRNA [1]. Benefitting from the recent technological advances, several modifi* Corresponding author.
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cations have been detected in mRNA [2], such as N6methyladenosine (m6A) [3,4], 5-methylcytosine (m5C) [5,6],
N1-methyladenosine (m1A) [7,8], pseudouridine (W) [9,10],
and inosine (I) [2,11]. These modifications reveal a widespread
and sparse landscape of epitranscriptomics, which is involved
in a variety of physiological processes [2,12–14].
The m6A modification, a rising star in the epitranscriptomics field, is the most pervasive modification found in transcripts [13,15]. First discovered in 1974 in mRNA from cancer
cells [16], m6A was subsequently detected in large quantities in
various viruses [17–19], yeast [20–22], Arabidopsis [18,23,24],
Drosophila [25–27], mice [28–30], and humans [3,4,12,31–33].
The m6A modification is involved in almost all aspects of
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mRNA metabolism, including splicing [26,34,35], stability
[35–38], and translation efficiency [36,39–41], as well as long
ncRNA (lncRNA)-mediated transcriptional repression [42]
and miRNA maturation [43]. Several excellent review articles
have summarized the biological functions of m6A, which
include cell differentiation, immune homeostasis, mitosis, obesity, cancer, and the maintenance of biological rhythm, among
others [12–14,31–33,44–49].
The m6A modification is usually found within the conserved motif containing RRACH (where A is methylated;
R = purine, and H = A, C or U) [3,4,50,51]. The m6A modification process is regulated by three types of proteins commonly termed the ‘‘writer” (adenosine methyltransferase),
‘‘eraser” (m6A-demethylating enzyme), and ‘‘reader” (m6Abinding protein) [12,13,15,49]. This modification is reversibly
installed and removed by the writer proteins [31,52–55] and
eraser proteins [28,56], respectively [12–14]. Conceivably,
m6A is also specifically recognized by m6A reader proteins that
contain the YT521-B homology (YTH) domain [3,12–14,49].
Recent studies on m6A have broadened our knowledge of
epitranscriptomics.
On this review, we focus on the components of the m6A writer complex and the principles of the reversible process from the
perspective of structural biology, aimed to provide new insights
into the molecular mechanisms underlying the m6A modification. We hope that the structural information could potentially
contribute to the development of therapeutic agents.

Insights into the structure of the METTL3–METTL14
complex
The enzyme that catalyzes the m6A modification was first isolated in the 1990s [57,58]. Rottman and colleagues identified at
least two separate protein factors, methyltransferase component A (MT-A) and MT-B, both of which are able to install
m6A in mRNA. One component of the MT-A complex, the
S-adenosylmethionine (SAM or AdoMet)-binding site on a
70-kDa subunit (MT-A70), was characterized as a key subunit
of methyltransferase [58]. Lately, MT-A70 was assigned as
methyltransferase-like 3 (METTL3) by the Human Genome
Organization (HUGO) Gene Nomenclature Committee [59].
In all the organisms that have been examined so far, an
induced experimental deficiency of METTL3 or its homologs
leads to apoptosis [37], defects in gametogenesis [60], and
embryonic lethality [23]. In 2014, several groups independently
revealed that METTL3 interacts with METTL14 to form a
stable complex [52–55], which deposits m6A on mRNAs.
According to phylogenetic analyses of the MT-A70 family,
METTL14 is a homolog of METTL3 [61,62]. Both of these
homologs possess a methyltransferase domain (MTase domain
or MTD) (Figure 1A), a consensus fold in the methyltransferase family [61,62]. Knockdown of METTL3 and METTL14
dramatically reduces m6A levels in mammalian cells [52,53].
The METTL3–METTL14 complex exhibits significantlyincreased methyltransferase activity in vitro compared to each
individual protein alone [52,53,63,64]. Thus, both METTL3
and METTL14 are core components of the m6A writer
complex (Figure 1B and Table 1).
Recently, we and two other groups independently determined the crystal structures of the MTDs of the METTL3–
METTL14 complex in the presence or absence of ligands

[63–65] (Figure 1C and Table 2). The overall structure of the
binary MTD complex resembles a flying butterfly (Figure 1C)
[63]. In the asymmetric unit, the MTDs of METTL3 and
METTL14 form a 1:1 heterodimer, consistent with observations in solution [64]. The structures of both MTDs are nearly
identical. The overall structure of the METTL3 MTD adopts a
typical a-b- a sandwich fold, a classical Rossman fold-like
domain [62–65]. This domain contains eight b sheets flanked
by four a-helices and three 310 helices. The interface between
METTL3 and METTL14 is approximately 2500 Å2 [63]. More
than 20 amino acid (AA) residues form extensive interactions
with each other in various ways, including salt bridges,
water-mediated hydrogen bonding, and hydrophobic interactions [63,64]. Thus, the heterocomplex is difficult to disrupt.
These observations explain why both domains are imperative
for proper folding, stability, and activity [63–65].
Intriguingly, three loops are present in METTL3 [63]
(Figure 1C and D), namely, gate loop 1 (AA residues
395–410), interface loop (AA residues 462–479), and gate loop
2 (AA residues 507–515). The METTL3 structure superimposes well on the METTL14 structure, except for these three
loops, suggesting that the distinct conformations may confer
differential functions [31,63].
As shown in the AdoMet-bound complex, the AdoMet
molecule is positioned adjacent to the gate loop 1 and the gate
loop 2 (Figure 1C) and is stabilized in the pocket by numerous
favorable AA residues. Mutations of these residues significantly lead to a decrease in methylation activity [63]. Moreover, the highly conserved catalytic motif, DPPW (AA
residues 395–398), is located in the gate loop 1. In this motif,
the aspartic D395 is located close to the methyl moiety of AdoMet. This proximity provides support for the methyltransferase to directly transfer the methyl group from AdoMet to
the N6 position of the adenine residue of RNA with a conformational inversion in an SN2 reaction [31,63,66]. Thus, both
gate loop 1 and gate loop 2 contribute to the formation of catalytic center for coordinating AdoMet.
Furthermore, compared with the S-adenosylhomocysteine
(AdoHcy)-bound structure, gate loop 1 is turned outward in
the AdoMet-bound structure in METTL3. Likewise, gate loop
2 experiences a meaningful conformational change upon binding to AdoMet or AdoHcy, leading to the closure of the binding pocket [63]. These rearrangements in gate loop 1 and gate
loop 2 of METTL3 resemble those in loop 1 and loop 2 of
N6-MTase TaqI (M.TaqI) when interacting with its DNA
substrate, suggesting that the gate loop 1 and gate loop 2 play
critical roles in RNA substrate recognition [63,67].
The interface loop of METTL3 forms a groove together
with the N-terminal a-helical motif and the long linker that
connects b 5 and b 6 of METTL14 [63]. The structure of the
complex shows that the groove primarily mediates the interactions between METTL3 and METTL14. The electrostatic
potential analysis of the AdoMet-bound structure indicates
that a large number of positively-charged AA residues on the
surface of the groove neighboring the AdoMet ligand [63,64].
Mutations of the interface loop result in the lower RNAbinding activity and a subsequent decrease in the methylation
activity [63,64], but do not affect the AdoMet-binding ability
[31,63]. These findings indicate that the interface loop contributes to protein–protein and protein–RNA interactions.
Together, gate loop 1, gate loop 2, and the interface loop
play important roles in ligand binding, RNA recognition,
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Figure 1 Structural insights into the METTL3–METTL14 complex as an m6A writer
A. Schematic illustration of the METTL3 (GenBank accession: NP_062826.2) and METTL14 (GenBank accession: NP_066012.1). The
ZnF domains (ZnF1: AA residues 259–298; ZnF2: AA residues 299–336) and the MTase domain (AA residues 360–580) in METTL3 are
colored in cyan and light blue, respectively. The MTase domain (AA residues 110–404) in METTL14 is colored in light purple. The DPPW
and EPPL are the conserved catalytic motif in METTL3 and METTL14, respectively. B. The reversible m6A modification in mRNA is
installed, removed, and recognized by m6A writers, erasers, and readers, respectively. The A in RRACH is methylated by the m6A writer
complex, which comprises several components, including METTL3, METTL14, WTAP, KIAA1429, RBM15/RBM15B, ZC3H13, and
HAKAI. The methylated RNA can be demethylated by erasers, ALKBH5 and FTO. Also, m6A is specifically recognized by m6A readers,
which are members of the YTH family proteins. C. Overall structure of the AdoMet-bound heterodimer of METTL3–METTL14 (PDB
ID: 5IL1) and close-up view of the gate loop 1 (purple), gate loop 2 (yellow), and interface loop (blue). D. Sequence alignment of the
MTDs of human METTL3 and METTL14 proteins. The secondary structure of METTL3 is shown on the top with the detailed AA
sequences shown below. The a-helices, b-strands, and strict b-turns are displayed as squiggles, arrows, and TT letters, respectively.
Identical AA residues between METTL3 and METTL14 proteins are shown in white letters with a red background, and similar AA
residues are shown in red letters. AdoMet, S-adenosylmethionine; ALKBH5, AlkB homolog 5; FTO, fat mass and obesity-associated
protein; HAKAI, E3 ubiquitin-protein ligase Hakai; KIAA1429, vir-like m6A methyltransferase associated protein; METTL3,
methyltransferase-like 3; MTase, methyltransferase; RBM15/15B, RNA binding motif protein 15/15B; WTAP, Wilms’ tumor 1associating protein; YTH, YT521-B homology; ZC3H13, zinc finger CCCH domain-containing protein 13; ZnF, zinc finger domain.
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m6A writer proteins and homologs across different species

Homo sapiens

Mus musculus

Drosophila melanogaster

Saccharomyces cerevisiae

Arabidopsis thaliana

Oryza sativa

METTL3
METTL14
WTAP
KIAA1429 (VIRMA)
RBM15
RBM15B
HAKAI
METTL16
Unknown

Mettl3
Mettl14
Wtap
Virilizer
Rbm15
Rbm15B
Hakai
Mettl16
Unknown

IME4
dMettl14(CG7818)
Fl(2)d
Virilizer
Spenito
Unknown
Hakai
Unknown
Unknown

Ime4
Kar4
Mum2
Unknown
Unknown
Unknown
Unknown
Unknown
Slz1

AtMTA
AtMTB
FIP37
Virilizer
Unknown
Unknown
Hakai
Unknown
Unknown

MT-A70-like
XP_015614540
FIP37
Unknown
Unknown
Unknown
Hakai
Unknown
Unknown

Note: AtMTA, mRNA adenosine methylase in Arabidopsis thaliana; AtMTB, ortholog of human METTL14 in Arabidopsis thaliana; FIP37,
FKBP12-interacting protein of 37 kDa; Fl(2)d, female-lethal (2)d; HAKAI, E3 ubiquitin-protein ligase Hakai; Ime4, inducer of meiosis 4; Kar4,
karyogamy protein KAR4; KIAA1429 (VIRMA), vir-like m6A methyltransferase associated protein, or Virilizer homolog; METTL3, methyltransferase-like 3; MT-A70, the S-adenosylmethionine-binding site on a 70-kDa subunit; Mum2, muddled meiosis protein 2; RBM15/15B, RNA
binding motif protein 15/15B; Slz1, sporulation-specific with a leucine zipper motif protein 1; WTAP, Wilms’ tumor 1-associating protein.

and the mutual interactions between the two MTDs. Although
the binary structure of the MTDs of METTL3–METTL14 has
been determined, we do not yet completely understand the
molecular mechanisms of how writers recognize the consensus
RNA sequence, due to the lack of a structure of the protein–
RNA complex. Further investigations are required to confirm
the highly reversible nature of the entire catalytic process and
illustrate the involvement of some other factors in the writer
complex.

METTL14 is a pseudo-methyltransferase required
for METTL3 activity
In 2014, He’s group and Zhao’s group independently reported
that either METTL3 or METTL14 alone has methyltransferase activity, whereas the combination of METTL3 and
METTL14 shows a synergistic effect on enhancing the activity
remarkably compared to each isolated protein [52,53]. In the
same year, another two groups also demonstrated that
METTL14 is the component of m6A methyltransferase complex [54,55]. Until 2016, using bioinformatics analyses,
Aravind and colleagues suggested that METTL14 would be
an inactive methyltransferase because of the disruption of its
active site motif [62]. Subsequently, we and another two
groups provided the biochemical and structural evidence indicating that METTL14 has no detectable activity [63–65]. One
possible explanation for the previous controversial observation
is that METTL14 could be contaminated with endogenous
METTL3 during purification procedure [64].
Although the structures of the MTDs of METTL3 and
METTL14 are nearly identical, the ligand is only clearly visible
in the ligand-binding pocket of MELLT3 [63–65] (Figure 1C).
In contrast, neither AdoMet nor AdoHcy is observed in the
ligand-binding pocket of METTL14, suggesting that
METTL14 does not possess catalytic activity. Indeed, according to in vitro biochemical analyses, isolated METTL3, but not
METTL14, exhibits detectable catalytic activity, raising the
possibility that METTL14 may function as a pseudomethyltransferase [31,64].
The structural features of METTL14 could account for this
observation. First, the ligand-binding pocket of METTL14 is
smaller than that of METTL3 [64,65]. Obvious clashes are
noted between the modeled AdoMet and the ligand-binding

pocket in the structure of the METTL14 MTD [64,65]. Furthermore, two residues, N549 and Q550 in METTL3, which
form hydrogen bonds with the ribose hydroxyl moiety of AdoMet, are substituted by P362 and T363 in METTL14, respectively [63]. Additionally, W398 from the conserved DPPW
motif in METTL3 stabilizes the adenine substrate through
stacking interactions, whereas the counterpart of the conserved
motif in METTL14 is EPPL (AA residues 192–195), which
lacks the aromatic residue [63–65]. Collectively, these observations indicate that METTL14 contains a pocket that is unsuitable for accommodating a methyl group donor and
consequently is catalytically inactive [31,64,65].
Despite its lack of catalytic activity, METTL14 plays a crucial role in the activity of the writer complex. METTL14
appears to have a structural role in maintaining the integrity
of the architecture of the binary complex to increase the catalytic activity [64]. Recombinant METTL3 alone shows weak
catalytic activity that is dramatically stimulated when
METTL3 and METTL14 form a heterodimeric complex
[63,64]. Furthermore, METTL14 increases the AdoMet binding capacity of METTL3. The METTL3–METTL14 complex
binds to AdoMet with a dissociation constant of approximately 2.0 lM, showing a 24-fold stronger binding affinity
than METTL3 alone (47.6 lM) [31,63]. Importantly,
METTL14 also contributes to the RNA interaction via the
positively-charged groove (described above). The replacement
of the AA residues in the groove of METTL14 results in a
much weaker RNA-binding affinity and a reduced methyltransferase activity. Additionally, a recent study has reported
that the RGG domain in the C-terminus of METTL14 also
contributes to the RNA substrate binding for METTL3–
METTL14 complex [68]. These results confirm that METTL14
is involved in the internal RNA interaction [63,64].
In summary, METTL14 is a pseudo-methyltransferase in
the complex and is indispensable for activity. It primarily
serves as a platform for substrate interaction in the binary
complex.

Do other m6A regulators participate in the methyltransferase complex?
Several regulators in the m6A writer complex comprising a
METTL3 protein interaction network have been identified,

Table 2

Structural information of m6A writers/erasers/readers
Protein name

Species

PDB ID

Resolution (Å)

Substrate/ligand

Ref.

Writer

METTL3–METTL14
complex

Homo sapiens
Homo sapiens
Homo sapiens

5IL0/5IL1/5IL2
5K7M/5K7U/5K7W
5L6E/5L6D

1.88/1.71/1.61
1.65/1.7/1.65
1.9/1.85

Apo/AdoMet/AdoHcy
Apo/AdoMet/AdoHcy
AdoMet/AdoHcy

[63]
[64]
[65]

Eraser

ALKBH5

Homo sapiens
Danio rerio
Homo sapiens
Homo sapiens

4NJ4
4NPL/4NPM
4NRM/4NRO/4NRP/4NRQ/4O7X
4O61/4OCT

2.02
1.65/1.8
2.17/2.3/1.8/2.5/1.78
1.9/1.65

IOX3
a-KG/SIN
CIT and ACT/a-KG/NOG/PD2/Apo
CIT/a-KG

[78]
[86]
[95]
[94]

FTO

Homo sapiens
Homo sapiens

3LFM
4IDZ/4IE0/4IE4/4IE5/4IE6/4IE7

2.5
2.46/2.53/2.5/1.95/2.5/2.6

[77]
[80]

Homo sapiens
Homo sapiens

4QKN
4ZS2/4ZS3

2.2
2.16/2.45

1-mer 3-meT and NOG
NOG/PD2/8XQ/MD6/
IOX3/RHN and CIT
MA and NOG
a-KG and FL1/a-KG and FL4

[97]
[98]

Homo sapiens
Rattus norvegicus
Homo sapiens
Homo sapiens
Homo sapiens
Saccharomyces cerevisiae
Zygosaccharomyces rouxii

4R3H/4R3I
2MTV
4RCI/4RCJ
4WQN
4RDO/4RDN
4RCM
4U8T

1.9/1.8
Solution structure
1.97/1.6
2.12
2.15/2.1
1.8
2.7

Apo/5-mer m6A RNA
6-mer m6A RNA
Apo/5-mer m6A RNA/
Apo
Apo/1-mer m6A
1-mer m6A
7-mer m6A RNA

[105]
[114]
[117]
[115]
[116]
[117]
[113]

Reader

YTHDC1
RnYTHDC1
YTHDF1
YTHDF2
YTHDF2
ScPho92
ZrMRB1

Note: AdoMet, S-adenosylmethionine; AdoHcy, S-adenosyl-L-homocysteine; IOX3, (1-chloro-4-hydroxyisoquinoline3-carbonyl) glycine; a-KG, alpha-ketoglutaric acid; SIN, succinate acid; CIT,
citrate; ACT, acetate; NOG, N-oxalylglycine; PD2, pyridine-2,4-dicarboxylate; 8XQ, 8-hydroxyquinolines; MD6, 2-(3-hydroxypicolinamido) acetic acid; RHN, rhein; MA, meclofenamic acid; FL1,
fluorescein derivative 1; FL4, fluorescein derivative 4.
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such as Wilms’ tumor 1-associating protein (WTAP)
[23,54,55], KIAA1429 (vir-like m6A methyltransferase associated protein, or VIRMA) [55,69], and RNA binding motif protein 15/15B (RBM15/RBM15B) [42] (Table 1 and Figure 1B).
Perturbations of these factors affect cellular m6A levels in
mammals [42,52,54,55], flies [25–27], yeast [20], and plants [69].
Muddled meiosis protein 2 (Mum2) [20] and FKBP12interacting protein of 37 kDa (FIP37) [23], the respective
homologs of WTAP in yeast and plants, have been reported
to interact with METTL3 homologs in these species. Downregulation of Mum2 causes a spore formation defect in the m6A
cellular pathway and disruption of Fip37 leads to embryonic
lethality [20,23]. Consistent with these findings, WTAP, a splicing factor, is identified to interact with METTL3 and
METTL14 in mammals by coimmunoprecipitation in vivo
[52,54,55] (Table 1). Importantly, WTAP is necessary for the
activity of m6A writer complex [52,54,55]. Knockdown of
WTAP significantly reduces endogenous m6A levels in human
cell lines [52,54,55]. The RNA-binding ability of METTL3 is
substantially reduced in the absence of WTAP, indicating that
WTAP is likely to be responsible for recruiting other m6A writers to target RNAs [54]. Furthermore, WTAP plays a crucial
role in methyltransferase localization. WTAP depletion
decreases the accumulation of both METTL3 and METTL14
in nuclear speckles enriched with pre-mRNA processing factors [54]. In addition, WTAP affects the fate of RNA by regulating alternative splicing associated with METTL3 and
promotes transcript decay in a manner dependent on the
WTAP-induced m6A methylation [55]. These results provide
convincing evidence that WTAP functions as a regulatory
component in the m6A writer complex and is important for
generating the distinct landscape of mRNA methylation.
KIAA1429 and RBM15 have been reported to interact with
WTAP as part of a novel complex regulating pre-mRNA splicing [70]. Subsequent studies indicate that these proteins also
regulate m6A formation as a part of the methyltransferase
complex [42,55]. KIAA1429 is required for the full methylation
program in mammals, and KIAA1429 silencing causes a substantial reduction in m6A levels [55]. KIAA1429 mediates the
methylation events near 30 UTR and stop codon of mRNAs
[71]. Virilizer (the homolog of KIAA1429 in Drosophila) associates with both inducer of meiosis 4 (IME4, a homolog of
METTL3 in Drosophila) and female-lethal (2)d (Fl(2)d, a
homolog of WTAP in Drosophila) to form the m6A methylation complex that controls sex determination [25,26].
RBM15 and its paralog, RBM15B, are additional subunits
in the methyltransferase complex as reported in recent studies
[42]. In human embryonic kidney 293T (HEK293T) cells,
knockdown of RBM15 and RBM15B decreases m6A levels
and impairs X-inactive specific transcript (XIST)-mediated
gene silencing, illustrating the importance of these proteins in
the female mammalian development. In addition, coimmunoprecipitation analyses reveal that the interactions of RBM15
and RBM15B with METTL3 depend on WTAP in mammalian cells [42]. Studies in Drosophila provide further support
for these findings by showing that Spenito (a homolog of
RBM15 in Drosophila) is necessary for m6A formation
[13,25]. During development, the Spenito mRNA expression
level correlates with the m6A abundance, and Spenito knockdown leads to an acute reduction in m6A levels. Thus,
KIAA1429 and RBM15/RBM15B are bona fide components
of the methyltransferase complex [12,13,25–27]. However,

due to the structural limitation, the molecular mechanism of
how WTAP, KIAA1429, and RBM15/RBM15B precisely regulate the m6A pathway remains unknown.
Moreover, other proteins like zinc finger CCCH domaincontaining protein 13 (ZC3H13) and E3 ubiquitin-protein
ligase Hakai (HAKAI) have been reported to interact with
the methyltransferase complex components and affect the
methylation pathway [69,71–76]. For instance, METTL3 regulates miRNA maturation by interacting with DiGeorge syndrome chromosomal region 8 (DGCR8), which binds to
Drosha, an RNase III, and forms the microprocessor complex
that cleaves the pri-miRNA [43]. Another example is zinc finger protein 217 (ZFP217), which is involved in somatic cell
reprogramming [73]. METTL3 interacts with ZFP217 and protects pluripotent RNAs from rapid degradation by restraining
the m6A RNA modification, thereby enabling embryonic stem
cells to remain pluripotent and undergo reprogramming [74].

ALKBH5 and FTO are termed m6A erasers
AlkB homolog 5 (ALKBH5) [28] and the fat mass and obesityassociated protein (FTO) [56] demethylate m6A in RNA, thus
acting as erasers. Both enzymes belong to the 2-oxoglutarate
(2OG)-dependent oxygenase family [77,78], which comprises
more than 60 predicted members in the human genome,
including ten-eleven translocation family (TETs) [79–83].
Enzymes in this family are involved in DNA repair, RNA
hydroxylation, and 5-methylcytosine oxidation [79,80,82–85].
The consensus catalytic mechanism of this family is substrate
hydroxylation [81]. Interestingly, although ALKBH5 and
FTO exhibit similar substrate preferences when demethylating
m6A on single-stranded RNA (ssRNA) [28,56], their reaction
pathways are different. ALKBH5 directly converts m6A to
adenosine, whereas FTO successively demethylates m6A
through two intermediates, N6-hydroxymethyladenosine
(hm6A) and N6-formyladenosine (fm6A) [86]. Additionally,
FTO also demethylates 3-methylthymine (3meT) in singlestranded DNA (ssDNA) [87], 3-methyluracil (3-meU) [87],
and N6,20 -O-dimethyladenosine (m6Am) in ssRNA [88].
ALKBH5 localizes with nuclear speckles and functions in
regulating splicing and export of nuclear RNA, gene expression, and testis development [28,35]. ALKBH5 is highly
expressed in spermatogenic cells and some tumor cells
[35,89]. Deficiency of ALKBH5 leads to a global increase in
m6A in mRNAs [28]. FTO, which is found in both nucleus
and cytoplasm [90], has been reported to regulate mRNA splicing, gene expression, and cell differentiation [34,56,91,92].
FTO is widely expressed in adult and fetal tissues in brain
and cancer cells [33,91,93]. These findings suggest that
ALKBH5 and FTO play critical roles in posttranscriptional
control of mammalian cell development [12,13,33].
In early 2014, four groups independently reported the structures of human or zebrafish ALKBH5 with or without ligands
[78,86,94,95] (Table 2 and Figure 2A and B). The overall structure of ALKBH5 displays a typical jellyroll fold [85]. The catalytic metal is coordinated by the conserved HXD. . .H motif.
The motif consists of AA residues H204, D206, and H266
[78,86,94,95], which are essential for demethylation activity
[28,36]. The structure of ALKBH5 are well superimposed onto
the structure of AlkB homolog 2 (ABH2), which functions as
the primary protective enzyme in mammalian cells that
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efficiently repairs endogenously alkylated lesions in doublestranded DNA (dsDNA) [96]. However, a large extra loop
(AA residues 229–242) in ALKBH5 shows a potential steric
clash with the duplex DNA (Figure 2B). Thus, ALBKH5
strongly prefers ssRNA as a substrate, a prediction that is consistent with biochemical observations. Additionally, the extra
loop is stabilized by C230 and C267 through the formation
of a disulfide bond, which is essential for ssRNA recognition
[94,95]. Disruption of the disulfide bond results in an apparent
affinity for dsDNA [95].
The structure of FTO was first determined by Chai’s group
[77] (Table 2 and Figure 2C). FTO contains two well-defined
domains: the N-terminal domain (AA residues 32–326;
referred to as NTD) and the C-terminal domain (residues
327–498; referred to as CTD) [77]. As the catalytic domain,
NTD exhibits a classic jellyroll fold. Similar to ALKBH5,
three residues, H231, D233, and H307, constitute the
HXD. . .H motif to coordinate the catalytic metal atom
[77,80,97,98] (Figure 2D and E). The unique CTD primarily
functions in stabilizing the architecture of the NTD. Coincidently, FTO also possesses an extra loop (AA residues 213–
224), which strongly excludes the DNA duplex from the catalytic center and is important for the selectivity of FTO against
dsDNA/RNA [77]. Notably, although both ALKBH5 and
FTO have an extra loop required for ssRNA binding, the loop
of ALKBH5 extends from the opposite direction compared to
FTO.
Due to its vital role in human obesity, FTO is a potential
drug target [77,99]. Several groups have developed sets of
FTO inhibitors targeting the 2OG-binding pocket or the
nucleotide-binding pocket [80,97,98] (Figure 2D). Schofield
and colleagues have screened various 2OG derivatives and
related compounds [80], and identified a set of cyclic and acyclic 2OG derivatives as FTO inhibitors. They reported six structures for FTO in complex with N-oxalylglycine (NOG; PDB
ID: 4IDZ), pyridine-2,4-dicarboxylate (PD2; PDB ID: 4IE0),
8-hydroxyquinolines (8XQ; PDB ID: 4IE4), 2-(3hydroxypicolinamido) acetic acid (MD6; PDB ID: 4IE5), (1chloro-4-hydroxyisoquinoline3-carbonyl)
glycine
(IOX3;
PDB: 4IE6), and rhein (PDB ID: 4IE7) (Table 2). NOG,
PD2, and 8XQ are completely trapped in the 2OG-binding
pocket, whereas MD6 and IOX3 are not only located in the
2OG-binding pocket of FTO through interactions with their
carboxylate side chain but also insert their various bulky
chains into the adjacent nucleotide-binding pocket, thus blocking the entrance of its nucleotide substrate [80]. The last compound, rhein, binds to the nucleotide-binding pocket rather
than the predicted 2OG-binding site [80,100].
In other examples, Yang’s group has characterized the
interaction of meclofenamic acid (MA), a non-steroidal and
anti-inflammatory drug, with the nucleotide-binding pocket
of FTO [97] (Figure 2D). Based on their results from fluorescence polarization and fluorescence-based thermal shift assays,
MA is likely to compete with m6A-containing nucleic acids for
FTO binding [97]. It is of note that rhein and MA do not
specifically inhibit FTO over other enzymes. For example,
rhein also binds to 2OG-binding site of AlkB, a dioxygenase
from Escherichia coli, and inhibits its activity [101]. As an
anti-inflammatory drug, MA binds to the catalytic center of
aldo–keto reductase 1C3 (AKR1C3) protein, which catalyzes
the reduction of carbonyl groups on both steroids and prostaglandins in humans [102]. In collaboration with Zhou’s group,
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they have further developed several fluorescein derivatives as
bifunctional molecules for the simultaneous inhibition and
photoaffinity labeling of the FTO protein [98] (Table 2).
Among the 12 compounds (named FL1–12) initially designed
and synthesized, extensive biochemical screening has shown
that FL1–8 completely inhibits the demethylation activity of
FTO in vitro. The authors have further determined highresolution structures of the FTO/FL1 and FTO/FL4 complexes to gain insights into the interaction modes between
FTO and the derivatives, and have revealed that the fluorescein derivatives are stabilized in the nucleotide-binding pocket
[98]. Taken together, these findings provide structural insights
that would further our understanding of the substrate recognition specificity of ALKBH5 and FTO, and offer a framework
for the design of selective inhibitors.

YTH family proteins serve as m6A readers
YTH family proteins are well-documented m6A readers that
can specifically recognize m6A-containing RNAs through the
conserved YTH domain [3,13,49]. In mammals, there are five
members in the YTH family, i.e., YTHDC1, YTHDC2,
YTHDF1, YTHDF2, and YTHDF3 [60,103] (Figure 3A),
which all prefer to bind to m6A-containing RNAs. Rechavi
and colleagues first identified YTHDF2 and YTHDF3 using
m6A RNA pulldown assay [3]. Later, He and colleagues discovered that YTHDF1 is another m6A-selective binding protein [104]. Then, using a gel shift assay, Min and colleagues
revealed that YTHDC1 preferentially binds to methylated
RNA compared with the unmethylated control [105].
YTHDC2 preferentially binds to m6A-containing RNA, as
shown by recent studies from two independent groups using
an in vitro pulldown assay and fluorescence anisotropy, respectively [60,103]. All five members directly target m6Acontaining mRNAs and affect their fates, such as splicing, stability, and translational efficiency. YTHDC1, which is localized in the nucleus, can regulate mRNA splicing by
recruiting pre-mRNA splicing factors [106,107], get involved
into XIST-mediated gene silencing [42], and affect export efficiency of methylated mRNAs from the nucleus [108].
Conversely, the other four members exert their functions
in the cytoplasm. Among them, YTHDF1, YTHDF3, and
YTHDC2, together or alone, selectively enhance the translation efficiency of m6A-containing mRNAs [3,60,103,104,109–
111], whereas YTHDF2 interacts with the CCR4-NOT deadenylase complex to decrease mRNA stability [19,104,112].
The structure of YTH family proteins from different species
has been reported by several groups [105,113–117] (Table 2,
Figure 3B and C). The overall structure of the YTH domain
exhibits a sphere-like fold, with a central core of 4–6 parallel
b-sheets surrounded by 4–8 a-helixes [105]. Based on their
structural features, YTH domains belong to the pseudouridine
synthase and archaeosine transglycosylase (PUA)-like superfamily [113,118,119], which primarily adopts an open a/b fold.
Notably, YTH domains contain several conserved tryptophan
residues [W377, W428, and L439 in YTHDC1; W411, W465,
and W470 in YTHDF1; W432, W486, and W491 in YTHDF2;
as well as W200, W254, and Y260 in methylated RNA-binding
protein 1 (ZrMRB1, an YTH protein homolog in Zygosaccharomyces rouxii)] that form an aromatic cage to accommodate
the m6A [105,113,114,116,117] (Figure 3B–D). The methylated
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Figure 2 Structural insights into ALKBH5 and FTO as m6A erasers
A. Domain architectures of m6A eraser proteins for ALKBH5 (GenBank accession: Q6P6C2.2), DrALKBH5 (GenBank accession:
NP_001070855.1), and FTO (GenBank accession: Q9C0B1.3). B. Overall structure of ALKBH5 (PDB ID: 4NJ4) and a detailed view of
the extra loop against dsDNA. The overall and detailed structure of ALKBH5 is colored in gray. The detailed view of the extra loop (blue)
is highlighted in the yellow dashed box, and the partial structure of ABH2 is colored in cyan. The overall structure of ALKBH5 is well
superimposed onto that of ABH2, except the extra loop, which clashes with the substrate DNA (highlighted in the red circle) in ALKBH5
when compared to the equivalent loop (purple) in ABH2 (PDB ID: 3RZG). C. Overall structure of FTO (PDB ID: 4QKN) and a detailed
view of the extra loop against dsDNA in FTO. The NTD of FTO is colored in light gray, and the CTD is colored in light brown. The
detailed view of the extra loop (blue) is highlighted in the cyan dashed box. The FTO-NTD (light gray) is well superimposed on ABH2
(cyan) (PDB ID: 3RZG). The extra loop (blue) in FTO-NTD forms a barrier for its selection against dsDNA/RNA. D. Interaction
networks between the FTO protein and inhibitors in its 2OG-binding pocket and nucleotide-binding pocket. Residues involved in the
interactions are shown as sticks, and residues in the conserved motif (HXD. . .H) are colored in cyan. The structure of the 2OG-binding
pocket bound to a 2OG analog, NOG, is shown in the dashed box on the left (PDB ID: 4QKN), and the structure of nucleotide-binding
pocket bound to a compound, MA, is shown in the dashed box on the right (PDB ID: 4QKN). E. Sequence alignments of human FTO,
human ALKBH5, and DrALKBH5 proteins. The secondary structure of FTO is shown on the top with the detailed amino acid sequences
shown below. Residues in the conserved motif (HXD. . .H) of FTO that coordinate the active site metal are highlighted in cyan. ABH2,
AlkB homolog 2; CTD, C-terminal domain; DrALKBH5, Danio rerio ALKBH5; MA, meclofenamic acid; NOG, N-oxalylglycine; NTD:
N-terminal domain; 2OG, 2-oxoglutarate; oxy, oxygenase.
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Figure 3 Structural insights into the YTH family proteins as m6A readers
A. Domain architectures of the YTH family proteins. YTHDC1 (GenBank accession: NP_001317627.1); YTHDC2 (GenBank accession:
NP_073739.3); YTHDF1 (GenBank accession: Q9BYJ9.1); YTHDF2 (GenBank accession: Q9Y5A9.2); YTHDF3 (GenBank accession:
Q7Z739.1); ScPho92 (GenBank accession: Q06390.1); and ZrMRB1 (GenBank accession: XP_002498076.1). B. Superposition of the
crystal structures of YTHDC1 (PDB ID: 4R3I), YTHDF1 (PDB ID: 4RCJ), YTHDF2 (PDB ID: 4RDN), and ZrMRB1 (PDB ID:
4U8T). The overall structures of these proteins are displayed in cartoon mode, and the conserved tryptophan (W) residues are shown as
sticks. The conserved aromatic cage is highlighted in the purple dashed box. C. The electrostatic surface of the YTH domain in complex
with the m6A-containing RNA. Shown from left to right are YTHDC1 (PDB ID: 4R3I), YTHDF1 (PDB ID: 4RCJ), YTHDF2 (PDB ID:
4RDN), and ZrMRB1 (PDB ID: 4U8T), respectively. The m6A-containing RNAs are shown as sticks. The aromatic cage accommodating
the methylated adenosine is highlighted with a red dashed circle. D. Sequence alignments of human YTH family proteins and yeast YTH
proteins. The secondary structure of human YTHDC1 is shown on the top with the detailed amino acid sequences shown below. The
conserved tryptophan residues that form the aromatic cage in YTHDC1 and YTHDF1 are indicated by blue and green dots, respectively.
ANK domain, ankyrin repeat domain; DEXDc, DEAD-like helicases superfamily; Helicase_C domain: helicase conserved C-terminal
domain; HA2 domain, helicase associated domain; OB_NTP domain, oligonucleotide/oligosaccharide-binding (OB)-fold domain; R3H
domain, ATP-dependent DNA or RNA helicase domain containing conserved arginine and histidine residues; ScPho92, Saccharomyces
cerevisiae Pho92 protein; YTHDC, YTH domain-containing protein; YTHDF, YTH domain-containing family protein; ZrMRB1,
Zygosaccharomyces rouxii methylated RNA-binding protein 1.
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adenosine is well recognized by p-p interactions between the
adenine base and the aromatic walls and cation-p interactions
between the N6-methyl moiety and the aromatic cage. Moreover, a set of hydrogen bonds also contributes to this recognition mode [105,113,116]. Mutations of aromatic cage residues
dramatically decrease the binding affinity of the YTH domain
to the methylated RNA probe, but these mutations rarely
affect the binding affinity to unmethylated RNA [115]. The
structural features of the conserved aromatic cage explain
the specificity of m6A reading.
YTH domains also interact with the nucleotides preceding
and following m6A [105,113,114,117]. For example, YTHDC1
favors a guanosine over adenosine at the 1 position relative
to the m6A because the main chain NH group of V382 forms
a hydrogen bond with the carbonyl oxygen of guanine (6-oxo).
Replacement of the guanosine at the 1 position with any
other base would disrupt the hydrogen bond. Likewise,
YTHDC1 slightly prefers guanosine and cytidine at the 2
and +1 positions, respectively, due to the formation of specific
hydrogen bonds [105]. These structural observations unveil the
sequence preference of YTH readers for the RRACH motif,
which is also a substrate sequence for the writer complex.
Recently, two groups reported the structure of the RNAbound YTH domain of meiotic mRNA interception protein
1 (Mmi1) [120,121] from Schizosaccharomyces pombe
[122,123]. Although the YTH domain of Mmi1 superimposes
well onto that of YTHDC1, the RNA-binding surfaces of
the two proteins are distinct. YTHDC1 recognizes the m6A
RNA probe via an aromatic cage, whereas Mmi1 binds to
the target RNA via a long groove, which opposes its aromatic
cage. Moreover, the region of Mmi1 neighboring the aromatic
cage is enriched with a set of negatively-charged residues
(D358, D360, D423, E441, and D453), generating a severelyrepulsive surface to potentially abrogate the m6A RNAbinding activity [122]. Interestingly, this hypothesis is corroborated by biochemical studies showing that the aromatic cage of
Mmi1 does not bind to m6A-containing RNAs [122,123].
These investigations about Mmi1 have expanded our knowledge of the YTH domains.

Conclusions and perspectives
Although tremendous progress has been achieved in exploring
the molecular mechanisms underlying reversible modification
and m6A recognition both in vivo and in vitro in recent years,
some questions and debates remain [56,88,124,125].
First, how the consensus mRNA sequence is specifically
recognized by the writer complex is poorly understood. Bioinformatics analyses reveal that two CCCH-type zinc finger
domains (ZFDs) are present preceding the MTD in the Nterminus of METTL3 [62], and biochemistry assay proved that
the ZFDs are necessary for the methylation activity [31,64].
Recently we have determined the solution structure of ZFD
[126]. The ZFD serves as the target recognition domain and
specifically targets to GGACU-containing RNAs [126].
Besides, the secondary structure of mRNA might affect the
writer’s catalyzing activity [52] in vivo. More importantly, further investigations are required to examine whether these regulators could spatiotemporally regulate the m6A modification
and how they function in determining the localization of
m6A during various cellular processes. Structural examinations

of the writer complex in the presence or absence of RNA may
provide insights to unambiguously clarify the underlying
molecular mechanisms. In addition, METTL16 is another
m6A-forming enzyme that can methylate pre-mRNAs,
lncRNAs, and other ncRNAs [127,128]. The molecular mechanisms of METTL16 also deserve to be further explored.
Second, although the structures of erasers like FTO and
ALKBH5 have been determined, the mechanism by which
these enzymes specifically recognize m6A-containing RNAs
remains unknown, due to the lack of structural information
of protein–RNA complexes. The complex structure of FTO
containing 1-mer 3-meT nucleotide may provide some insights
into the m6A recognition. Notably, previous studies have
shown that neither ALKBH5 nor FTO prefers to bind methylated consensus-sequence-containing RNA in vitro [129].
Recently Huang’s group has identified one lncRNA,
FOXM1-AS, antisense to FOXM1, that can facilitate the interaction between ALKBH5 and nascent FOXM1 transcripts
[89], suggesting that ALKBH5 might function in a sequencespecific context. Furthermore, by combining CLIP-seq and
RNA-seq methods, Vanacova’s group shows that FTO regulates several mRNA metabolic events such as alternative splicing and 30 -end processing [34]. Interestingly, the CLIP-seq data
reveal that FTO is de-enriched in m6A target sequences [34].
This raises the question whether FTO binds to RRACH
motif-containing RNA in vivo. Additionally, the m6Am modification that is typically present at the first nucleotide in
mRNAs is also a reversible modification that affects the fate
of the mRNAs [19,130,131]. Interestingly, FTO has recently
been shown to erase m6Am in an m7G cap-dependent manner
[88]. This finding expands our knowledge of the biological
functions of the m6A eraser FTO. Thus, the mechanism by
which FTO erases m6Am is also worth exploring.
In addition to the YTH family proteins, several RNAbinding proteins, such as the fragile X-linked mental retardation syndrome protein 1 (FMR1) [132], eukaryotic initiation
factors 3 (eIF3) [133], insulin-like growth factor 2 mRNAbinding proteins (IGF2BPs) [134], and heterogeneous nuclear
ribonucleoproteins A2/B1 (hnRNPA2/B1) [135], also bind to
m6A-containing RNAs. For example, the FMR1 protein has
recently been described as an m6A reader that regulates
mRNA homeostasis in a sequence context-dependent manner.
FMR1 can bind to some mRNAs as a negative regulator to
affect their translation. Using the immunoprecipitation assay
in vivo, Edupuganti et al. indicate that FMR1 is colocalized
with m6A on mRNA and favorably interact with m6Amethylated mRNAs [132]. Given there are no YTH domains
in FMR1, whether FMR1 interacts with m6A-methylated
mRNAs in a direct or indirect way remains unknown; therefore, the precise mechanism by which FMR1 recognizes
methylated RNA needs further investigation. Other potential
m6A-containing RNA-binding proteins also have distinct
sequence organizations compared to YTH proteins. Ma and
colleagues find that hnRNPA2/B1, which appears to be an
m6A reader as reported in a previous study [135], does not prefer to recognize m6A-containing RNAs compared to the
unmethylated ones [136]. They speculate that hnRNPA2/B1
may regulate the functions of m6A modification via an ‘‘m6A
switch” mechanism, by which m6A induces RNA unfolding
for the access of RBPs [136]. Whether these proteins function
as bona fide m6A readers in the m6A signaling pathway and
how they do if yes are among other questions to be answered.
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Last, but not least, we only have limited information on the
roles of m6A methylation in other species and whether the m6A
writers, readers, erasers are conserved evolutionarily.
ALKBH10B, an m6A demethylase in Arabidopsis, plays a crucial role in development by delaying flowering and repressing
vegetative growth [24]. Using genetic screening, the ‘‘MIS”
complex have been identified as a core RNA methyltransferase
in yeast, which comprises Mum2 (orthologous to mammalian
WTAP), Ime4 (orthologous to mammalian METTL3), and
sporulation-specific with a leucine zipper motif protein 1
(Slz1), a third ancillary factor [20,22]. The MIS complex delays
meiosis by abrogating mRNA methylation activity in yeast
[20–22]. Further studies are warranted to address the discrepancies on the ways these components get involved in m6A
modification among various species.
Notably, although m6A was initially identified more than
40 years ago, it only becomes a research hotspot in epigenetics
in the last six years. ‘‘What’s past is prologue”: we would expect
to see an increasing number of studies on the mechanisms
underlying m6A modification.
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