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ABSTRACT
RNA epigenetics has received a great deal of attention in recent years, and the reversible N6-
methyladenosine (m6A) modification on messenger RNAs (mRNAs) has emerged as a widespread
phenomenon. The vital roles of m6A in diverse biological processes are dependent on many RNA-
binding proteins (RBPs) with ‘reader’ or ‘nonreader’ functions. Moreover, m6A effector proteins affect
cellular processes, such as stem cell differentiation, tumor development and the immune response by
controlling signal transduction. This review provides an overview of the interactions of m6A with various
RBPs, including the ‘reader’ proteins (excluding the YT521-B homology (YTH) domain proteins and the
heterogeneous nuclear ribonucleoproteins (hnRNPs)), and the functional ‘nonreader’ proteins, and this
review focuses on their specific RNA-binding domains and their associations with other m6A effectors.
Furthermore, we summarize key m6A-marked targets in distinct signaling pathways, leading to a better
understanding of the cellular m6A machinery.
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Introduction

Over a hundred forms of posttranscriptional modifications
have been identified in regulatory RNA modifications [1,2].
Among them, N6-methyladenosine (m6A) is the most preva-
lent and abundant internal RNA modification in both coding
and noncoding (nc) RNAs. The influences of m6A on RNA
metabolism and processing relate to almost all fundamental
aspects, including RNA stability (half-life), maturation,
nuclear export, and translational efficiency [3]. Meanwhile,
m6A is implicated in many cellular processes, including meio-
sis, differentiation of various stem cells, DNA damage
response (DDR), and germ cell and neuronal development
[4–10]. The recent findings about the impact of m6A on the
human circadian clock and on hippocampus-dependent
learning and memory have expanded the known biological
functions of m6A, providing inspirations for follow-up studies
concerning the circadian field and brain activity [11–14].

The dynamic interplay among three effectors termed ‘wri-
ters’, ‘erasers’ and ‘readers’ determines the effects of m6A on
RNA metabolism and cellular processes under normal or
stress conditions [15]. RNA m6A is installed by methyltrans-
ferases called ‘writers’ that are composed of the core complex
Methyltransferase Like 3 (Mettl3), Mettl14 and Wilms Tumor
1 Associated Protein (WTAP), and other subunits of the
writer complex, including Virilizer (Kiaa1429), RNA binding
Motif Protein 15 (RBM15) and a zinc-finger protein Zc3h13

(zinc finger CCCH domain-containing protein 13) [15–17].
Recent studies have characterized Mettl16 (a Mettl3 homolog)
as a writer of precursor (pre) mRNAs and some ncRNAs,
including U6 small nuclear (sn) RNAs and long noncoding
(lnc) RNAs [18,19]. Intriguingly, the E3 ubiquitin ligase
HAKAI, identified as one of the core constituents of the
plant writer complex, is likely to have a similar role in mam-
malian RNA methylation [20]. In addition, Fat mass and
obesity-associated gene (FTO) and α-ketoglutarate-
dependent dioxygenase alkB homolog 5 (Alkbh5) were suc-
cessively reported to display m6A demethylation activities as
m6A ‘erasers’ [21]. The effects of m6A-modified transcripts
are achieved by directly recruiting specific ‘reader’ proteins to
m6A sites. As the most common m6A readers, the YTH
domain-containing proteins, are evolutionarily conserved
and are independent of the cell type [22]. In the nucleus,
Ythdc1 regulates splicing by binding to pre-RNAs, while in
the cytoplasm, both Ythdf2-directed mRNA decay and
Ythdf1/3 and Ythdc2-controlled translation enhancing machi-
neries are well established [23,24]. In addition, accumulating
evidence has confirmed that hnRNPs containing the RNA
recognition motif (RRM) domains also have reading capabil-
ities. The binding of hnRNPG and hnRNPC to m6A sites is
dependent on m6A-mediated structural alteration of mRNAs
[25,26]. However, whether hnRNPA2/B1 can act as an m6A
reader is controversial. Alarcon et al. demonstrated that
hnRNPA2/B1 can mediate RNA splicing and micro (mi)
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RNA processing by directly binding to m6A [27].
Nevertheless, m6A was reported to induce RNA unfolding
and might therefore promote hnRNPA2/B1 access to certain
RNA sites instead of direct m6A recognition [28].

The proper modulation of mRNA behavior relies on inter-
actions with substantial RNA-binding proteins (RBPs) and the
involvement of various signaling pathways. In this review, we
provide a summary of the newly identified RBPs that act as
either m6A readers or the functional factors associated with
m6A-induced RNA metabolism or biological processes, illus-
trating their effects and binding features (Table 1). Moreover,
considering that variant m6A-marked targets are included in
critical signaling pathways, we summarize the research pro-
gress with respect to the roles of m6A methylation in the
cellular signal transduction network.

m6a reader proteins

In eukaryotic cells, mounting evidence has indicated the pre-
sence of distinct m6A ‘reader’ proteins aside from the well-
characterized YTH proteins and hnRNPs. These readers
recognize and bind directly to m6A sites by different protein
domains and play various roles in RNA metabolism.

eIF3

Generally, eukaryotic cells initiate translation by relying on
a cap-dependent scanning mechanism. For most cellular
mRNAs, protein synthesis begins with recognition of the 5ʹ
7-methylguanylate (m7G) cap by eukaryotic initiation factor
4E (eIF-4E). eIF-4E recruits a scaffold protein, eIF-4G, and
a helicase, eIF-4A, to form the heterotrimeric eIF-4F complex.
eIF-4F then recruits the 43S preinitiation complex, containing
eIF3, a 40S ribosomal subunit, and a ternary complex (TC,
including eIF2, GTP, and methionine-loaded initiator transfer
RNA) [29,30]. Nevertheless, in the absence of eIF-4E, cells rely
on alternative mechanisms for a substantial amount of mRNA
translation with the help of eIF3. Lee et al. revealed that eIF3d
(a subunit of the eIF3 complex) can initiate specialized transla-
tion by its previously unknown cap-binding activity [31]. An
eIF4GI homolog, termed DAP5, facilitated cap-dependent
translation via binding directly to eIF3d [32]. Moreover, recent
studies have demonstrated that m6A modifications in the 5ʹ
untranslated region (5ʹUTR) can be directly bound by eIF3 to
initiate translation independent of the m7G cap and by eIF-4E,
which is incompatible with the readily employed cap-
independent mechanisms characterized by internal ribosome
entry sites (IRESs) (Figure 1(a)) [33].

Evidence has confirmed that m6A modifications located in
the 5ʹUTR enable cap-independent translation initiation, espe-
cially under stress conditions [34,35]. The results from Coots
et al. suggested that Mettl3 directly binds to internal m6A but
not to the m7G cap. Moreover, the ATP-binding cassette F1
protein (ABCF1) can not only recruit the ternary complex (TC)
that acts as a vital component during translation initiation but
also participate in the self-regulation of Mettl3 mRNA transla-
tion (Figure 1(a)) [34]. Aside from the internal m6A modifica-
tions, N6, 2ʹ-O-dimethyladenosine (m6Am) that is present at the
start nucleotide of mRNAs was newly identified to upregulate

cap-dependent translation. N6-methylation of m6Am is
installed by a new m6A writer called PCIF1, a cap-specific
adenosine methyltransferase (CAPAM), and regulates cap-
binding proteins independent of eIF4E (Figure 1(b)) [36].
Whether eIF3 is involved in the promotion of m6Am-induced
translation needs to be further clarified.

In addition, studies have shown that eIF3 can also act as
a nonreader RBP in translation control. Wang et al. revealed that
Ythdf1, an m6A reader, promotes translation initiation through
a Ythdf1-eIF3 axis, which is based on mRNA looping controlled
by eIF-4G and the RNA-independent interaction of Ythdf1 with
eIF3 [37]. Moreover, Mettl3 can enhance translation through its
interaction with eIF3h (a subunit of eIF3) only when it binds to
specific mRNA sites near the stop codon. Mechanistically, this
specific interaction mediates polyribosome conformation and
mRNA circularization, which is critical for the oncogenic role of
Mettl3 to facilitate oncogene translation and tumorigenesis
(Figure 1(c)) [38]. These findings expand our understanding of
the complex role of eIF3 and the functions of individual subunits.

IGF2BPs

The insulin-like growth factor 2 binding proteins (IGF2BPs,
including IGF2BP1/2/3) are generally recognized as IGF2 modi-
fiers in a wide variety of cell types. Recently, Huang et al. showed
that IGF2BPs recognize m6A-binding sites through their
K homology (KH) domains. Acting as m6A readers, IGF2BPs
promote the stability of thousands of potential target mRNAs
with the help of cofactors, including human antigen R (HuR),
matrin 3 (MATR3) and poly(A) binding protein cytoplasmic 1
(PABPC1), and play oncogenic roles in cancers by improving the
expression of oncogenes, such as MYC (Figure 1(d)) [39].
Intriguingly, the results from two distinct studies of acute mye-
loid leukemia (AML) showed that the high level of m6A in the
target mRNAs of genes, includingMYB, MYC, Bcl-2 and PTEN,
promotes transcript stability and protein expression regulated by
Mettl3 andMettl14, respectively [40,41]. It remains possible that
IGF2BPs could be a potential reader since MYC is the typical
target of IGF2BPs in an m6A-dependent manner and PTEN
mRNA is recognized as a target of IGF2BP1 [39,42]. Further
studies are needed to verify this hypothesis.

In addition, IGF2BP1 has been corroborated to enhance the
expression of oncogenic factors by antagonizing miRNA-directed
repression in cancers [43,44]. In accordance with this conclusion,
a novel report identified a conservedmRNA as an IGF2BP1 target
in cancers transcribed by Serum response factor (SRF). IGF2BP1
can directly bind to SRF-mRNA in the 3ʹUTR in an m6A-
dependent manner and can promote its stability and gene expres-
sion by impairing the miRNA-induced decay of SRF transcripts.
Therefore, IGF2BP1 indirectly stimulates the expression of a set of
SRF-mediated genes, including PDLIM7 and FOXK1, leading to
tumor progression [45]. This IGF2BP1-induced regulation of SRF
mRNA is irrelevant to HuR (Figure 1(d)).

Other reader proteins
Proline rich coiled-coil 2A (Prrc2a) is recognized as a new
m6A reader in neural cells controlling oligodendrocyte speci-
fication and myelination. One key target of Prrc2a is oligo-
dendrocyte lineage transcription factor 2 (olig2), which has
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a well-conserved m6A motif (GGACU) in the coding
sequence (CDS) region. Prrc2a specifically binds to and sta-
bilizes the methylated mRNA of olig2 at the CDS region by its
GRE domain, the P2 fragment of Prrc2a that contains the
enriched glycine, arginine and glutamic acid residues.
Furthermore, Prrc2a competed with Ythdf2 to dynamically
control RNA stability (Figure 1(e)). The function of Prrc2a
can be reversed by FTO [46].

In addition, researchers have identified leucine-rich pentatri-
copeptide repeat-containing protein (LRPPRC) and fragile
X mental retardation protein 1 (FMR1) as two potential readers
by developing a chemical proteomics approach [47]. A later
study indicated that FMR1 binds to m6A sites in a manner
that is dependent on the RNA sequence and the secondary
structure. FMR1 competes with Ythdf1 for mRNA binding and
represses the translation of target mRNAs by binding to ribo-
somes, whereas the results from Zhang et al. found an adverse
effect of FMRP (encoded by the FMR1 gene) [48,49]. FMRP
maintains the stability of m6A-marked mRNAs, most likely
through an association with Ythdf2 in an RNA-independent
manner, thus contributing to the molecular pathogenesis of
Fragile X syndrome (FXS) [48]. Given that there are no YTH
domains in FMR1, the precise mechanism by which FMR1
recognizes m6A transcripts remains to be explored (Figure 1(f)).

m6a-associated nonreader RBPs

Reader proteins bind directly to m6A; however, increasing
studies have found that some RBPs interact with m6A-
containing transcripts without recognizing the m6A base
directly. In many cases, these nonreader RBPs could be
recruited by different m6A effectors and could play significant
roles in RNA biology. These findings provide us with a better
understanding of the m6A regulatory network.

HuR
As a well-established RNA stabilizer protein, HuR has been iden-
tified in thousands of transcripts. HuR contains three RRM
domains and is mainly located in the 3ʹUTR of mRNA, nearing
themiRNA binding sites [50]. Considering that the enrichment of

RNA methylation is generally at the 3ʹUTR and that HuR can be
pulled down by m6A-containing RNAs, researchers investigated
whether the presence ofm6A affects HuR binding to RNA and the
role of HuR in regulating m6A-mediated targets.

Earlier research findings from Dominissini et al. showed
that ELAV-like RNA binding protein 1 (ELAVL1, also known
as HuR) is significantly associated with m6A-containing tran-
scripts [51]. Subsequent studies have shown that HuR parti-
cipates in m6A-mediated stem cell development, probably by
regulating crucial naïve pluripotency-promoting transcripts,
such as Nanog, sex determining region Y-box 2 (SOX2) and
IGFBPs [52–54]. Wang et al. indicated that in Mettl3/Mettl14-
knockdown (KD) mouse embryonic stem cells (mESCs), the
loss of m6A on RNA transcripts, particularly those encoding
developmental regulators, enhances the recruitment of HuR.
HuR binding reportedly suppresses the inhibitory effect of
miRNAs by competing for 3ʹUTR binding sites [55]. As
exemplified by IGFBP3, a direct target of some miRNAs,
HuR promotes mRNA stability by preventing miRNA target-
ing (Figure 1(g)) [53]. Furthermore, Zhang et al. demon-
strated that in glioma stem-like cells (GSCs), HuR has
significant effects on the regulation of FOXM1 (Forkhead
box protein M1), a vital transcription factor like SOX2. By
binding to the Alkbh5-mediated unmethylated 3ʹUTR of
FOXM1 pre-mRNA, HuR promotes its protein expression.
Meanwhile, a long noncoding RNA (lncRNA) antisense to
FOXM1, termed FOXM1-AS, also plays an indispensable
role in Alkbh5-induced GSC self-renewal since it facilitates
the interaction between Alkbh5 and FOXM1 nascent tran-
scripts (Figure 1(h)) [56]. Nevertheless, HuR has also been
shown to favor binding with the m6A-enriched sites on
RNAs. Reports have revealed that Mettl3 can methylate
SOX2 mRNA at the 3ʹUTR in GSCs, enhancing its stability
by recruiting HuR. The increase of SOX2 is vital for the
maintenance of GBM stem-like properties (Figure 1(i)) [57].

Thus, HuR plays a vital role in m6A-containing mRNA
stabilization and target translation. Intriguingly, Wang
et al. suggested that the spacing between HuR and the
m6A sites can be essential for their binding [53].
However, Chen et al. indicated that most of the HuR-

Table 1. RNA-binding proteins act as either novel m6A readers or functional factors in m6A-induced RNA biology.

RBPs m6A reader Binding site Functions Targets Interacting molecules References

eIF3 + 5ʹUTR induces eIF4E-independent mRNA translation [33]

IGF2BPs + 3ʹUTR stabilizes RNA; impairs miRNA-induced RNA decay MYC, Actin, Lin28, SRF miRNAs [39,43–45]

Prrc2a + CDS stabilizes RNA olig2 [46]

FMR1 + 3ʹUTR inhibits translation; stabilizes RNA Ythdf2 [47–49]

eIF3 - 5ʹUTR aids Ythdf1 or Mettl3 to promote translation Ythdf1, Mettl3 [37,38]

ABCF1 - 5ʹUTR aids eIF4F-independent mRNA translation Hsp70 Mettl3 [34]

HuR/ELAVL1 - 3ʹUTR stabilizes RNA IGFBPs, FOXM1, SOX2 miRNAs [50–53,55–57]

RNAPII - regulate translation efficiency PCIF1, MTC [36,59]

XRN1 - aids Ythdc2 to stabilize RNA Ythdc2 [60]

DDX3 - aids Alkbh5 to erase m6A Alkbh5, AGO2 [61]

DDX46 - regulates nuclear export MAVS, TRAF3, TRAF6 Alkbh5 [62]

RdRp-3D - aids viral replication Mettl3 [63,64]

PARP - 5ʹUTR aids DDR Mettl3, Pol κ
MazF - cleaves specific RNA sequence without m6A [65]

CEBPZ - CCAAT-box activates transcription SP1 Mettl3 [73]

SRSF2 - ESE regulates pre-mRNA alternative splicing RUNXITI FTO [68,69]

SRSF3 - 3ʹUTR regulates pre-mRNA alternative splicing; export adaptor Ythdc1 [7,70]

NXF1 - export receptor Ythdc1 [70]

TREX - regulates nuclear export Ythdc1 [74]

G3BP1 - repelled by m6A and promotes mRNA stability Ythdf1 [37,49]
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binding sites are far from the m6A sites [58]. In addition,
the RNA sequence recognized by HuR is different from
the m6A-containing sequence [23,58]. Therefore, HuR

may interact with m6A indirectly by being recruited by
other proteins, such as m6A effectors, or may recognize
m6A modifications by the unidentified HuR motif.

Figure 1. A proposed model of RBPs in the m6A field. (a) Cap-independent translation is mediated by m6A and requires the eIF3 (reader protein), ABCF1, and
Mettl3 proteins that bind to internal m6A residues but not to the m7G cap [33,34]. (b) PCIF1 interacts with RNAPII and regulates the N6-methylation of m6Am, which
promotes the translation of capped mRNAs [36]. (c) Ythdf1 or Mettl3 promotes translation with the help of eIF3 and mRNA circularization [37,38]. (d) IGF2BPs
promote the translation of m6A-mRNAs either by stabilizing targets, such as MYC with the aid of mRNA stabilizers, including HuR, MATR3 and PABPC1 or by
antagonizing miRNA-directed mRNA repression [39,45]. (e) Prrc2a stabilizes olig2 mRNA by binding to m6A sites in the CDS and competes with Ythdf2 to regulate
RNA stability [46]. (f) FMR1 stabilizes m6A mRNAs by interacting with Ythdf2 or inhibits translation by competing with Ythdf1 [48,49]. (g) HuR stabilizes IGFBP3 mRNA
by preventing miRNA targeting [53]. (h) HuR promotes the stability of the demethylated mRNA of FOXM1, which is mediated by Alkbh5, and the cooperation
between Alkbh5 and FOXM1-AS.[105] (i) Mettl3 stabilizes the mRNA of SOX2 by recruiting HuR [57]. (j) Slow or paused RNAPII dynamics facilitate MTC binding and
m6A deposition, leading to reduced translation efficiency [59]. (k) Ythdc2 stabilizes m6A-mRNAs by interacting with XRN1 [60]. (l) Alkbh5 inhibits the nuclear export
of several antiviral transcripts by recruiting DDX46 [62]. (m) Mettl3, recruited by PARP, promotes m6A deposition and subsequent Pol κ binding accompanied by
Mettl14, leading to cell survival from DDR [9]. (n) Mettl3 interacts with RdRp-3D and regulates the sumoylation and ubiquitination of RdRp-3D that can promote viral
replication [63]. (o) The loss of FTO promotes m6A deposition and the SRSF2 binding ability, leading to the increased inclusion of target exons [69]. (p) Ythdc1
recruits SRSF3 and SRSF7 to promote exon inclusion; Ythdc1 recruits SRSF3 and NXF1 to promote nuclear export [7,70]. (q) CEBPZ recruits Mettl3 to gene promoter
regions to augment their translation [73]. (r) TREX interacts with Ythdc1 to promote nuclear export [74].
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Functional enzymes
Various functional RBPs, such as polymerases, helicases and
ribonucleases, have been implicated in m6A-directed RNA
metabolism; some enzymes are recruited and/or interact
with m6A effectors to contribute to diverse cellular processes.
Slobodin et al. identified the interaction of RNA polymerase II
(RNAPII) with the methyltransferase complex (MTC) during
transcription and confirmed that m6A links transcription
with translation. The impediment of RNAPII elongation
dynamics triggers a suboptimal rate of transcription, leading
to the enhancement of the interaction between RNAPII and
MTC and a higher m6A deposition on mRNAs.
Consequently, the translation efficiency (TE) is reduced
(Figure 1(j)) [59]. Moreover, the above-mentioned PCIF1 is
recruited to the early elongation complex of RNAPII by
interacting with the serine-5-phosphorylated carboxyl-
terminal domain (CTD) of RNAPII; this leads to the increased
TE of capped mRNAs (Figure 1(b)) [36]. In addition, a report
revealed that the m6A reader Ydhdc2 regulates an RNA-
independent interaction with the 5ʹ-3ʹ exoribonuclease
XRN1 by its ankyrin repeats within the helicase core, suggest-
ing a potential role of Ythdc2 to mediate mRNA stability
(Figure 1(k)) [60]. Previous studies have identified DDX3,
a family member of DEAD-box RNA helicases, as a novel
partner of Alkbh5 and Argonaute2 (AGO2) to modulate the
m6A demethylation of mRNAs and miRNAs [61].
Subsequently, Zheng et al. uncovered that DDX46 is recruited
by Alkbh5 in the nucleus to erase the m6A tags on several
antiviral transcripts, including MAVS, TRAF3, and TRAF6,
which substantially inhibits their nuclear export and expres-
sion levels (Figure 1(l)). Thus, DDX46 repressed type 1 inter-
feron production after viral infection, acting as a negative
regulator of the innate antiviral response [62]. Another inter-
esting finding from Xiang et al. demonstrated that ultraviolet
(UV) irradiation can induce the rapid and transient m6A
methylation in the 5ʹUTR of many poly(A)+ RNAs, including
transcripts localized at DNA damage sites, which are regu-
lated by Mettl3, Mettl14 and FTO. In addition, poly (ADP-
ribose) polymerase (PARP), the crucial early regulator of
DDR, functions upstream of m6A by recruiting Mettl3 to
the damage sites. The accumulation of m6A facilitates UV-
responsive DDR and cell survival through the recruitment of
the repair and translation synthesis DNA polymerase (Pol κ).
However, whether a new ‘reader’ protein exists to induce
m6A-induced Pol κ recruitment remains enigmatic.
Together, m6A RNA, Mettl3 and Pol κ may constitute
a novel pathway against UV-induced DDR separately from
canonical repair factors (Figure 1(m)) [9]. Recently, a study
showed that the m6A modifications on enterovirus 71 (EV71)
RNA are regulated by the cytoplasmic expression of host
Mettl3 and FTO and can modulate viral replication. In addi-
tion, RNA-dependent RNA polymerase 3D (RdRp-3D), the
vital replication promoter of EV71, is stabilized by Mettl3
protein that induces sumoylation and ubiquitination of
RdRp-3D . However, this interaction is irrelevant to viral
m6A modifications (Figure 1(n)) [63,64].

On the other hand, m6A modifications affect some fre-
quently used enzymes in biotechnology. Imanishi et al. pro-
vided a convenient method to assess the activities of m6A

effectors (demethylases and methyltransferases). They identi-
fied an ACA sequence-specific endoribonuclease called MazF
to be the m6A-sensitive RNA cleavage enzyme that distin-
guishes adenosine (A) from m6A; in addition, MazF also
cleaves RNAs with a 5ʹ-ACA-3ʹ sequence rather than a 5ʹ-
(m6A) CA-3ʹ sequence [65]. Moreover, Potapov et al. devel-
oped a novel method for detecting the accuracy of RNA
synthesis and reverse transcription. The modified RNA
bases, including 5-hydroxymethyluridine and m6A, increase
the combined error rate of T7 RNA polymerase and reverse
transcriptases and decrease the fidelity of enzymes [1].

Splicing factors
Alternative splicing (AS) within the nuclear speckle is a vital
cellular process during the processing of pre-mRNAs into
mature mRNAs [66]. The localization of m6A effectors can
regulate not only the exonic or intronic m6A modifications
but also the binding of different trans-regulatory splicing
factors to cis-regulatory RNA elements [67]. For instance,
Zhao et al. found m6A enrichment in alternatively spliced
exons that were adjacent to intronic 5ʹ/3ʹ splice sites. The
m6A sites are highly overlapped with cis-acting elements
termed exonic splicing enhancers (ESEs), which can be recog-
nized by serine/arginine-rich splicing factor 2 (SRSF2),
a specific regulator of AS. In preadipocytes, the loss of FTO
promotes m6A deposition on the mRNA of the adipogenic
regulatory factor termed Runt-related TF 1(RUNX1T1) and
increases the binding capacity of SRSF2, leading to the
increased inclusion of target exons and poor preadipocyte
differentiation (Figure 1(o)) [68,69]. In addition, Ythdc1
recruits the pre-mRNA processing factors SRSF3 and SRSF7
to facilitate exon inclusion and to regulate alternative poly-
adenylation in oocytes, apparently in an m6A-dependent
manner (Figure 1(p)) [7]. Ythdc1 is also responsible for the
nuclear export of methylated mRNAs in HeLa cells by facil-
itating RNA binding to both the export adaptor SRSF3 and
the receptor NXF1 (Figure 1(p)) [70]. Other reports have also
revealed that the loss of Alkbh5 strongly impacts the nuclear
speckle localization of some splicing factors and that WTAP
interacts genetically with early-acting splicing regulators in
Drosophila, including Snf, U2AF50 and U5-40K; this indi-
cates that these regulators have potential roles in splicing
[71,72].

Other nonreader RBPs
Barbieri et al. unveiled that the CCAAT/enhancer-binding
protein CEBPZ, known as a strong transcriptional activator,
recruits Mettl3 to the promoters of a specific set of active
genes, such as SP1, leading to their augmented translation by
relieving ribosome stalling at specific codons (Figure 1(q)).
The overexpression of SP1 then activates the oncogene c-Myc
and facilitates AML cell growth [73]. Another report indicated
that the m6A writer complex recruits the TRanscription-
Export (TREX) protein complex, which plays a major role in
controlling the nuclear export of m6A-containing mRNAs.
TREX also stimulates the interaction with Ythdc1 (Figure 1
(r)) [74].

Intriguingly, modified mRNAs with m6A residues also
regulate mRNA processing by repelling several RBPs. The
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GTPase-activating protein-binding protein 1 (G3BP1), identi-
fied as a mRNA stabilizer, has a preference for unmodified
mRNAs. The binding of G3BP1 to mRNAs inhibits methyla-
tion by competing with the m6A machinery in the nucleus
while aiding the formation of RNPs in the cytoplasm [49].
However, an interaction exists between G3BP1 (known as
a stress granule marker) and Ythdf1 in the Ythdf1-mediated
translational control system, which is contingent on the pre-
sence of bound mRNA [37]. Additionally, Ythdc1 is reported
to block the binding of SRSF10 (driving exon exclusion) to
mRNAs in oocytes [75].

The effects of m6a on regulating signal transduction

Dynamic mRNA methylation in the form of m6A affects stem
cell differentiation, tumor development and the immune
response by controlling distinct signaling pathways.

Akt signaling pathway
The Akt (also known as the protein kinase B, PKB) pathway is
frequently activated in different cancers via mutations in onco-
genes and is highly related to cell proliferation and survival
[76,77]. A recent study from Liu et al. revealed that the reduc-
tion in m6A methylation caused by either Mettl14 mutation or
Mettl3 downregulation facilitates endometrial cancer cell pro-
liferation by controlling the expression of key enzymes in the
Akt signaling pathway. Mechanistically, the decreased m6A
levels inhibits the Ythdf1-promoted translation of PHLPP2,
a negative regulator of Akt, and the Ythdf2-promoted degrada-
tion of the mammalian target of rapamycin complex 2
(mTORC2), a positive Akt regulator [78]. Moreover, the over-
expression of wild-type Mettl3 in AML cells promotes the
translation efficiency of c-MYC, Bcl2 and PTEN in an m6A-
dependent manner, leading to proliferation stimulation
coupled with apoptosis and the differentiation inhibition of
myeloid malignancies. Conversely, m6A depletion activates
the PI3K/Akt signaling pathway (Figure 2) [41].

In addition, evidence has recognized the functional roles of
m6A effectors in stem cells and their link to the Akt pathway.
In adult neural stem cells (aNSCs), the loss of FTO decreases
neuronal proliferation and differentiation. Increased m6A
levels on transcripts involved in the brain derived neurotrophic
factor (BDNF) pathway, such as phosphatidylinositol 3-kinase
(PI3K), Akt and mTOR, were found to promote mRNA degra-
dation and decreased gene expression. This impairment of the
BDNF/Akt signaling cascade results in neurogenesis deficits
and impaired learning and memory [56]. Another study
showed that FTO contributes to skeletal muscle differentiation
by affecting mitochondrial biogenesis. FTO activates mTOR,
which is dependent on demethylase activity, and subsequently
upregulates the expression of peroxisome proliferator-activated
receptor gamma coactivator-1 alpha (PGC-1α), a primary tran-
scriptional coactivator for mitochondrial biogenesis, without
altering the mRNA stability; this suggests that the FTO-
mediated mTOR-PGC-1α-mitochondria axis is involved in
this regulation (Figure 2) [79].

JAK/STAT signaling pathway
Janus kinase (JAK) and signal transducer and activator of
transcription (STAT) proteins have effects on tumorigenesis,
cancer progression, immune responses, and stem cell differ-
entiation. A majority of ligands, including cytokines and
growth factors (GFs), achieve their regulatory role by activat-
ing the JAK/STAT pathway [80].

As potent antiviral cytokines, interferons (IFNs) are essen-
tial to the innate immune response and can be divided into
three major subfamilies: type I (IFN-α and IFN-β), type II
(IFN-γ) and type III (IFN-λ) [81,82]. IFNs stimulate the JAK/
STAT pathway to activate the expression of hundreds of IFN-
stimulated genes (ISGs) against viral infections [83]. Winkler
et al. revealed that m6A can serve as a negative regulator of
the type I IFN response by controlling the IFNA and IFNB
mRNAs. Following infection, m6A deletion in response to
Mettl3 or Ythdf2 depletion stabilizes the IFNB (encoding

Figure 2. Effects of m6A on the AKT signaling pathway.
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IFN-β) mRNA and sustains IFN-β production, leading to
a strong antiviral response [84]. Similar results from Rubio
et al. validated that after an infection with a dsDNA virus or
human cytomegalovirus (HCMV), Mettl14 and Alkbh5 con-
trol IFN-β production and the subsequent JAK/STAT signal-
ing pathway in an m6A-dependent manner [85]. However,
the previously mentioned interaction between DDX46 and
Alkbh5 initiates the demethylation of antiviral genes, which
inhibits IFN-β production (Figure 3). This finding suggests
that m6A may act as a positive regulator of the type I IFN
response [62].

The suppressor of cytokine signaling (SOCS) family of pro-
teins are key negative regulators of the JAK signaling cascade,
and their transcripts are always identified as m6A targets that
are modulated by the Mettl3-Ythdf2 axis [86–88]. Due to this
mechanism, knocking down Mettl3 in liver cancer promotes
the expression of SOCS2, and the subsequent inactivation of
STAT5 impedes tumorigenesis [87]. Furthermore, Mettl3 dele-
tion attenuates the degradation of the SOCS family genes and
blocks Interleukin-7 (IL-7)/STAT5 signaling, depriving T-cells
of their proliferation and differentiation abilities [88]. In stem
cell research, JAK2 and SOCS3 in porcine-induced PSCs
(piPSCs) have been identified as targets of the Mettl3-Ythdf1
axis and the Mettl3-Ythdf2 axis, respectively. Increased m6A
methylation triggers the self-renewal of piPSCs [86]. In addi-
tion, the enrichment of several negative regulators of the JAK/
STAT cascade are found in Ythdf2-deficient neural stem/pro-
genitor cells (NSPCs), suggesting that Ythdf2 contributes to
mouse neuroprotection and neurite outgrowth, at least partly,
by JAK pathway activation (Figure 3) [89].

p53 signaling pathway
As a canonical tumor suppressor, p53 is capable of preventing
eukaryotic cells from DNA damage or deficient oxygenation
[90]. The application of m6A sequencing (m6A-seq) estab-
lished that the silencing of Mettl3 can result in the altered
expression and alternative splicing of a group of genes
involved in the p53 signaling pathway, leading to p53 pathway
modulation and apoptosis [51]. Another study from Kwok
et al. also revealed a strong association between the genetic

alternations of the m6A effectors, including the m6A writers,
erasers, and readers, and p53 mutations in AML patients. The
copy number variations (CNVs) of these m6A modifiers and
the mutations of p53 can both lead to poor survival [91].
These conclusions inspire further research into the role of
m6A regulators in different tumor types and the correlation
with the p53 pathway and its downstream targets.

Other signaling pathways
Many signaling molecules associated with stem cell differen-
tiation and tumor development have been recognized as m6A
targets and are controlled by m6A modifiers. The transform-
ing growth factor-β (TGF-β) pathway is well known to main-
tain the pluripotency of human pluripotent stem cells (PSCs)
since the key members Activin and Nodal activate the intra-
cellular effector SMAD2/3 (drosophila mothers against deca-
pentaplegic protein 2/3) to bind to and activate the
transcriptional regulators that promote pluripotency.
Intriguingly, Bertero et al. revealed a novel mechanism by
which TGF-β signaling can induce neuroectoderm differentia-
tion by regulating m6A. Phosphorylated SMAD2/3 interacts
with the Mettl3-Mettl14-WTAP (M-M-W) complex and pro-
motes m6A deposition on transcripts, including Nanog, which
also acts as a SMAD2/3 target. The subsequent decay of these
mRNAs allows rapid exit from pluripotency [92]. Moreover,
hematopoietic stem and progenitor cells (HSPCs) are essential
for the maintenance of hematopoietic function in the human
body, and m6A is also involved in the development of both
hematopoietic and leukemic stem cells [40,93]. During verte-
brate embryogenesis, Notch1a is a key regulator of endothe-
lial-to-hematopoietic transition (EHT), which generates the
earliest HSPC. The m6A-forming enzyme Mettl3 represses
Notch 1a expression by Ythdf2-mediated mRNA decay,
thereby facilitating EHT and HSPC specification by the
Notch signaling pathway [94,95]. In addition, Wu et al.
demonstrated that reduced levels of m6A modifications in
bone marrow mesenchymal stem cells (MSCs) impede para-
thyroid hormone receptor-1(Pth1r) translation and repress
their anabolic responses to parathyroid hormone (PTH) dur-
ing bone accrual. The inhibited PTH/Pth1r signaling axis

Figure 3. Effects of m6A on the JAK/STAT signaling pathway.
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attenuates cyclic adenosine monophosphate (cAMP) accumu-
lation and blocks the activation of the protein kinase A (PKA)
pathway, leading to increased marrow adiposity [96].

In addition to the stem cell field, Cheng et al. identified the
oncogenic role of Mettl3 in bladder cancer (BCa). The over-
expression of Mettl3 increases the levels of m6A on the
mRNA targets, including AF4/FMR2 family member 4
(AFF4), IKBKB, RELA (known as two key regulators of the
NF-κB pathway) and MYC. In addition, AFF4 can bind to the
MYC promoter directly, enhancing its expression. This study
identifies a novel AFF4/NF-κB/MYC signaling network asso-
ciated with m6A [97].

Conclusions and perspectives

In eukaryotes, one of the most critical sites for controlling gene
expression at the posttranscriptional level is the 3ʹUTR, which is
recognized by abundant RBPs and miRNAs [98]. Our review
summarizes some vital RBPs that recognize the m6A-containing
transcripts at the 3ʹUTR, such as IGF2BPs and HuR, and their
functions. Various functional RBPs, such as polymerases, heli-
cases and ribonucleases, have been implicated in m6A-directed
RNA metabolism; some enzymes are recruited and/or interact
with m6A effectors to contribute to diverse cellular processes.
While some regulators have potential roles in splicing.
Moreover, multiple RNA-binding domains of RBPs are respon-
sible for interactions between m6A-containing RNA and pro-
teins [99]. In addition to the YTH domain of YTH proteins and
the RRM domain of hnRNPs, several new protein domains,
including KH from IGF2BPs and GRE from Prrc2a, were iden-
tified [39,46]. The KH domain is an evolutionarily conserved
single-stranded (ss) RNA-binding domain found in several pro-
teins, including FMR1. Further work is required to investigate
the structures of other KH domain proteins and their relation-
ship to m6A [100].

In addition, the regulation of diverse signaling pathways
affects different cellular processes. Since m6A has broad roles
in RNA biology, most of its targets tend to be essential
molecules in cellular signal transduction. Identifying novel
m6A-associated pathway molecules contributes to a deeper
understanding of the m6A regulatory system. Collectively,
this review represents a rich resource that explains the m6A-
related RBPs and pathway molecules, shedding light on the
complex interplay among m6A, m6A interactors and RNA
metabolism; together, this implies the potential role of m6A
machinery in cellular signal transduction. Since only a subset
of the RNA-protein interactions are truly related to their
specific functions [101], seeking novel m6A readers and func-
tional RBPs still has long way to go.
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