www.nature.com/cr
www.cell-research.com

REVIEW ARTICLE

Cell Research
t')

Check for
updates

Dynamic transcriptomic m°®A decoration: writers, erasers,
readers and functions in RNA metabolism
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N®-methyladenosine (m®A) is a chemical modification present in multiple RNA species, being most abundant in mRNAs. Studies on
enzymes or factors that catalyze, recognize, and remove m°A have revealed its comprehensive roles in almost every aspect of

mRNA metabolism, as well as in a variety of physiological processes. This review describes the current understanding of the m°A
modification, particularly the functions of its writers, erasers, readers in RNA metabolism, with an emphasis on its role in regulating

the isoform dosage of mRNAs.
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INTRODUCTION
Over 150 RNA modifications have been identified as post-
transcriptional regulatory marks in multiple RNA species, including
messenger RNAs (mRNAs), transfer RNAs (tRNAs), ribosomal RNAs
(rBNAs), small non-coding RNAs, and long non-coding RNAs
(IncRNAs)."™* These modifications regulate several facets of RNA
processing or metabolism, including alternative splicing,®'
export,'®'® stability,'” > and translation.?*3? N°-methyladeno-
sine (m®A) is the most prevalent modification in the mRNA of
many eukaryotic species, including yeast,>>=° plants, 3¢ flies,°
and mammals.***  Although it was first discovered in the
1970s,**487% detailed studies of its functions did not begin until
around 2012, when transcriptome-wide profiling of m°A was
made possible through antibody-based immunoprecipitation
followed by high-throughput sequencing. More than 10,000 m°A
peaks have been validated in over 25% of human transcripts. It
was found to be on a consensus RNA motif of RRACH (R=A or G;
H=A, U, or C), and enriched in long exons, near stop codons and
3’ untranslated regions (3' UTRs).>'~2

The abundance and effects of m®A on RNA are determined by
the dynamic interplay between its methyltransferases (“writers”),
binding proteins (“readers”), and demethylases (“erasers”) (Fig. 1).
In this review, we provide a comprehensive summary about the
biological functions of m®A writers, readers, and erasers, as well as
the role of m®A in splicing regulation.

METHYLTRANSFERASES/WRITERS

mCA is installed by a multicomponent methyltransferase complex
consisting of  Methyltransferase  Like 3 (METTL3),>®
METTL14,'3225%55 Wilms Tumor 1 Associated Protein (WTAP),>®
KIAA1429,2 RNA Binding Motif Protein 15 (RBM15),>” and zinc
finger CCCH domain-containing protein 13 (ZC3H13).5%° METTL3

is the catalytic subunit, while METTL14 acts as the RNA-binding
platform 57763

METTL3

Purified METTL3 protein selectively methylates the GAC and AAC
sequences in synthetic single-stranded RNA in vitro.'>®* METTL3
was also observed to localize onto nuclear speckles enriched with
mRNA splicing factors as shown by in vivo immunofluorescence
analysis, indicating a potential regulatory role of m®A in mRNA
metabolism.'® Early studies used nuclear lysate to perform the
methyltransferase assay, supporting the nuclear activity of
METTL3. However, these studies also detected the activity of
METTL3 in the cytoplasmic fraction, although at a lower level than
that in the nuclear lysate®® One recent study showed that
cytoplasmic METTL3 acts to promote translation independent of
its methyltransferase activity.®®

As the core methyltransferase subunit,
been demonstrated to modulate embryonic development,
cell reprogramming®”®® and spermatogenesis,*® while its
deletion in mice causes early embryonic lethality.’® METTL3
also regulates T cell homeostasis’® and endothelial-to-
haematopoietic transition®>”' via methylation of specific target
transcripts.

METTL3 is a highly conserved protein, with homologs in
multiple species including Saccharomyces cerevisiae (IME4),
Drosophila  melanogaster (IME4) and Arabidopsis Thaliana
(MTA), 3336395772 |n Arabidopsis thaliana, deficiency of the METTL3
homolog MTA affects development and growth,*®®” while in
Saccharomyces cerevisiae, IME4 plays an essential regulatory
role during meiosis and sporulation.>**>” In Drosophila, mutation
of IME4 impairs neuronal functions and influences sex determina-
tion by modulating female-specific splicing of Sex-lethal (Sx/)
gene®’

METTL3 has
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Fig. 1 Diverse molecular functions of m°A. In eukaryotic cells, RNA m°A level is dynamicallél regulated by “writers” and “erasers’ and
recognized by “readers” in direct or indirect ways. The diversity of cellular processes involving m°A is mainly contributed by various “readers"
%0b secondary structure switching,
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METTL14

METTL14 has been identified as another component of the m°A
methyltransferase complex; both METTL3 and METTL14 are highly
conserved in mammals, and form a stable heterodimer.'*>*>>
Individually, METTL3 and METTL14 exhibit comparable weak
methyltransferase activity in vitro. However, the METTL3-
METTL14 complex has a much higher catalytic activity.>*>> A
recent study on the crystal structure of the METTL3-METTL14
methyltransferase domain (MTD) complex illustrated that the
primary function of METTL14 is not to catalyze methyl-group
transfer but to offer an RNA-binding scaffold, allosterically
activating and enhancing METTL3 the catalytic activity of
METTL3.5"~%* Two CCCH-type zinc finger domains (ZFDs) preced-
ing the MTD in the N-terminus of METTL3 serve as the RNA target
recognition domain.”*

Similar to METTL3, METTL14 plays essential roles in diverse
biological processes. Depletion of METTL14 causes a block in
embryonic stem cell self-renewal and differentiation, embryonic
developmental defects, and impaired gametogenesis in various
organisms.>>%®7> METTL14 and METTL3 participate in neurogen-
esis by modulating cell-cycle progression of cortical neural
progenitor cells in an m®A-dependent manner.*® METTL14 also
plays a tumor-suppressor role in glioblastoma, and the depletion
of METTL3 or METTL14 enhances growth and self-renewal of
glioblastoma stem cells and promotes tumor progression.”® On
the other hand, Weng et al. reported very recently that METTL14 is
highly expressed in normal hematopoietic stem/progenitor cells
and in various subtypes of acute myeloid leukemia (AML), and
plays a critical oncogenic role in the development and main-
tenance of AML by blocking myeloid differentiation and
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promoting self-renewal of leukemia stem/initiating cells (LSCs/
LICs).”” Thus, METTL14 might function in cancers in a tissue/
cancer-type specific manner.

WTAP

WTAP interacts with METTL3 and METTL14 to modulate the m°A
levels of RNA transcripts.'>>*¢ WTAP is a ubiquitously
expressed nuclear protein that appears to play a role in both
transcriptional and posttranscriptional regulation of certain
cellular genes.”® As it lacks methyltransferase domains, WTAP
shows no catalytic activity of m®A modification or effects on the
activity of the METTL3-METTL14 complex in vitro, but it is required
for their localization in nuclear speckles that are enriched with
various precursor messenger RNA (pre-mRNA) processing
factors.'>>*

Depletion of WTAP induces tissue-dependent defects. Similar to
zebrafish embryos depleted of METTL3, zebrafish embryos lacking
WTAP undergo increased apoptosis.'> WTAP has been reported to
be upregulated in > 30% AML cases and paly an oncogenic role in
AML*" Although it has not yet been investigated whether m®A is
involved in the role of WTAP in AML, METTL14 expression was
found to be increased in AML,”” implying that regulation of m%A
levels by the m®A writer complex may be a key factor in AML
oncogenesis.

KIAA1429

KIAA1429 was identified as another component of the m°A
methyltransferase complex by both proteomic screening and
cellular studies.? Its Drosophila ortholog interacts with Drosophila
WTAP and regulates alternative splicing of pre-mRNAs involved in
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sex determination.”*®° Depletion of KIAA1429 induced an about
4-fold decrease in m®A peak scores in human A549 cells,?
suggesting an important regulatory role of KIAA1429 in the
methyltransferase complex. In support of this, Yue et al. recently
reported that VIRMA/KIAA1429 recruits the catalytic core compo-
nents (METTL3/METTL14/WTAP) to guide region-selective m°A
methylation ®’

RBM15/RBM15B
One recent study suggested that RBM15 and its paralogue
RBM15B direct the methylation of adenosine residues in both
MRNAs and the IncRNA target XIST. Immunoprecipitation analysis
indicated that RBM15/RBM15B bind and recruit the WTAP-METTL3
complex to specific sites. Both RBM15 and RBM15B comprise three
RNA recognition motif (RRM) domains, and combined analyses of
iCLIP-seq data of RBM15/RBM15B and m°A-miCLIP-seq data
revealed that RBM15/RBM15B binding sites are significantly
enriched at the locations adjacent to m°A methylation sites.>’
This study suggests a mechanism of selective activity of the
methyltransferase towards XIST.

Consistently, the RBM15 homolog, Spenito (Nito), was shown to
be a novel subunit of the methyltransferase complex required for
mOA formation in mRNAs in Drosophila.®

ZC3H13

Most recently, there are three studies demonstrating that ZC3H13
is another component of m°A writer complex and regulates m°A
methylation.*®° Wen et al. revealed that mouse Zc3h13 is
required for nuclear localization of the Zc3h13-WTAP-Virilizer-
Hakai complex and regulates mouse embryonic stem cell (ESC)
self-renewal through facilitating m®A methylation.”® Knuckles et al.
showed that mouse Zc3h13 and its fly homolog, CG7358 (named
as Flacc), serve as an adaptor between RBM15/Nito and WTAP/FI
(2)d, bridging RBM15/Nito to the m®A machinery to promote m°A
deposition on mRNAs.>® They further found that Flacc regulates
Drosophila sex determination and dosage compensation through
modulating Sx/ alternative splicing.® Guo et al. also identified the
CG7358 gene (named as Xio) as a component of the Drosophila
sex determination pathway, and further demonstrated its role in
controlling Sx/ alternative splicing via m°A methylation.®

METTL16
The METTL3 homolog METTL16 (methyltransferase-like 16) con-
trols cellular SAM level and installs m°A onto the U6 small nuclear
RNA. METTL16 activity requires both the UACAGAGAA nonamer
and a specific RNA structure.®

In addition to the above members, other subunits of the
methyltransferase complex may exist to achieve precise post-
transcriptional regulation through selectively recognizing candi-
date methylation sites.

DEMETHYLASES/ERASERS

Although METTL3 was discovered as an m°A writer several
decades ago, the identity of demethylases remained a mystery
until 2011, when Jia et al. unveiled that fat mass and obesity-
associated protein (FTO) exhibits efficient m°A demethylase
activity.®? Another m°A demethylase, a-ketoglutarate-dependent
dioxygenase alkB homolog 5 (ALKBH5), was soon discovered in
2013," and was found to be highly expressed in the testes. The
demonstration of their demethylase activity provided the first
evidence of reversible post-transcriptional modification in mRNAs.

FTO

FTO was originally reported as a demethylase for N*-methylthy-
midine in single-stranded DNA®® and for N3-methyluridine in
single-stranded RNA®* in vitro. In 2011, Jia et al. found that FTO
demethylates m®A in both DNA and RNA in vivo. Depletion of FTO
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induces significant increase in total m®A levels of polyadenylated
RNA.22 As FTO oxidizes m°®A to A, it generates N°-hydroxymethy-
ladenosine (hm®A) as an intermediate product, and N°-formyla-
denosine (f°A) as a further oxidized product®® The potential
function of these oxidized labile intermediates needs further
exploration. Intriguingly, a recent study demonstrated that FTO
also displays demethylase activity towards m°A,, that is exclu-
sively located at the first encoded nucleotide after the 7-
methylguanosine cap structure of a large number of mRNAs and
reduces the stability of m®An-containing mRNAs in vivo,%
suggesting that FTO could work on multiple substrates. Hence,
further studies are needed to reveal functional relevance of
different FTO substrates.

FTO was first reported to be associated with increased body
mass and obesity in human.8"%° It is widely expressed in all adult
and fetal tissues and most highly expressed in the brain.2 FTO has
been shown to function as an oncogene in both leukemia®*? and
glioblastoma.”® FTO expression is aberrantly upregulated by
oncogenic proteins in certain subtypes of AML, where it promotes
leukemogenesis and inhibits all-trans-retinoic acid (ATRA)-induced
AML cell differentiation through reducing the m°A levels of a set
of critical transcripts such as ASB2 and RARA.°" A recent extended
study further revealed that FTO efficiently demethylates internal
m°A, and the inhibition of FTO by R-2HG leads to increased m°®A
levels in mRNAs, but only small changes in cap m°A,.>? Notably,
specific m®A sites in FTO target mRNA transcripts such as ASB2,
RARA and MYC have been demonstrated with quantitative
methods (i.e., luciferase reporter/mutagenesis assays and gene
region-speific m°A qPCR) to be regulated by FTO.*" The possible
mechanisms underlying the phenomenon that both FTO and
METTL14 play oncogenic roles in AML have been discussed.””*

FTO promotes cell growth and self-renewal of human
glioblastoma stem cells, and is required for substantial tumor
progression. Its deficiency prolongs the lifespan of glioblastoma
stem cell-grafted mice through regulating the expression of
critical genes.”® Nevertheless, another study testing a number of
different AML cell lines failed to observe an obvious effect of FTO
on AML cell viability.**

Additionally, FTO regulates mouse pre-adipocyte differentiation
by regulating alternative splicing of pre-mRNAs of genes involved
in adipogenesis.'* Finally, a recent study revealed that depletion
of FTO results in upregulation of terminal mRNA exons,'
suggesting that FTO also regulates alternative polyA site usage
and 3'UTR processing.

ALKBH5

As the second identified m°A demethylase, ALKBH5 displays m°A
demethylation activity comparable to that of FTO. ALKBH5 may
function in a sequence specific context, as it shows a preference
for m°A within its consensus sequence rather than other
methylated nucleotides in single-stranded RNA.'” ALKBH5 loca-
lizes to the nucleus and its depletion leads to global reduction of
polyA RNAs in this cellular compartment,'” suggesting a role in
the regulation of nuclear export of mRNA.

ALKBH5 is expressed in most tissues, being particularly
abundant in the testes where it impacts mouse spermatogenesis
and fertility."” ALKBH5 regulates splicing and stability of mRNAs in
the nuclei of spermatocytes and round spermatids by removing
mSA from pre-mRNAs and allows the production of mRNAs
containing longer 3'UTRs.”> Moreover, ALKBH5 plays an important
role in the immune response to viral infections in macrophages.
To inhibit interferon production, the nuclear protein DDX46
recruits ALKBH5 after viral infection to demethylate m®A-modified
antiviral transcripts, thus sequestering them in the nucleus.”®

ALKBH5 has also been shown to be important for cancer
pathogenesis. A recent study revealed that overexpression of
ALKBHS5 is required for the proliferation and tumorigenesis of
glioblastoma stem cells and predicts poor patient survival.”’
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Additionally, knockdown of ALKBH5 expression in MDA-MB-231
human breast cancer cells significantly reduced their capacity for
tumogrginitiation attributing to the reduced of breast cancer stem
cells.

Given the varied distribution of the m®A demethylases across
tissues and their essential roles in regulating m°A methylation,
additional cell- or tissue-specific demethylases may exist to act on
different RNA substrates.

M°A READERS

Chemical modifications can directly affect properties of RNA
transcripts, including charge, base-pairing, secondary structure,
and protein-RNA interactions, which in turn shape gene expres-
sion by modulating RNA processing, localization, translation, and
eventually, decay.'**?° Prominently, m®A also indirectly affects
RNA processing by recruiting specific reader proteins. To date,
several m°A reader proteins have been identified in mammalian
cellular extracts using combined approaches of affinity chromato-
graphy and mass spectrometry.®” Investigations about these
reader proteins have begun to elucidate the ultimate role of
m°®A in RNA processing.

Nuclear m°A readers

Several proteins selectively bind m®A-containing precursor RNAs
in the nucleus. YTHDC1, the nuclear member of highly conserved
YTH family proteins,'® locates in the nucleus and forms YT bodies
at transcriptionally active sites adjacent to RNA processing
speckles.'®" Structural and binding studies revealed that YTHDC1
preferentially recognizes the GG(m®A)C sequences through its YTH
domain.'®?

YTHDC1 promotes exon inclusion by selectively recruiting or
inhibiting different splicing factors such as Serine-arginine repeat
(SR) proteins.” YTHDC1 also recognizes m°®A on XIST and promotes
XIST-mediated X chromosome silencing.>” In addition to its role in
splicing regulation, very recent work in Hela cells identified that
YTHDC1 interacts with SRSF3 and nuclear RNA export factor 1
(NXF1) to facilitate the nuclear export of m®A-modified mRNAs,'®
which expands the roles of YTHDC1-mediated m®A reading in
mMRNA metabolism regulation. In addition, YTHDC1 has been
reported to be a potential tumor suppressor in endometrial cancer
through its interaction with other splicing factors.'®''%3

Recent studies raised some controversies regarding whether
the HNRNP family member HNRNPA2B1 is an m®A reader. Alarcon
et al. reported that HNRNPA2B1 could directly bind m°A and
regulate alternative splicing events and primary microRNA
processing in concert with METTL3,'%* whereas a structure-based
study by Wu et al. revealed an “m®A switch” mechanism, instead
of specific m®A binding, mediated by HNRNPA2B1.'%® In addition,
another two HNRNP proteins, HNRNPC'" and HNRNPG,® function
to regulate the processing of m®A-containing RNA transcripts.
They do not bind to m°A directly, but instead, m°A serves as a
structural switch to alter the RNA structure, which renders
transcripts more accessible for binding by HNRNPC and HNRNPG.

Cytoplasmic m°A readers
After being processed from precursor transcripts, mature mRNAs
containing m®A are further regulated in the cytoplasm by other
members of the YTH family: YTHDF1, YTHDF2, YTHDF3, and
YTHDC21 8,20,21,26,27,29,32,106,10

YTHDF1 was initially demonstrated to bind methylated mRNA
transcripts at sites near the stop codon, and its overall distribution
pattern is similar to that of m°A sites on mRNAs. Mechanistic study
has demonstrated that YTHDF1 interacts with the translation
initiation machinery and enhances the translation efficiency of its
target RNAs.3?

YTHDF2 co-localizes with both deadenylation and decapping
enzyme complexes under normal conditions and directs its targets

Cell Research (2018) 28:616-624

mOA: Dynamics and RNA metabolism
Y. Yang et al.

to processing bodies.?' By directly recruiting the CCR4-NOT
deadenylase complex, YTHDF2 accelerates the degradation of
m®A-modified transcripts.’’ Data were presented to show that
YTHDF1 and YTHDF3 promote deadenylation through the CCR4-
NOT complex to a lesser extent than YTHDF2.%° In zebrafish, Ythdf2
deletion in embryos decelerates the decay of m°®A-modified
maternal mRNAs and impedes zygotic genome activation.*> Qur
recent study revealed that YTHDF2-mediated decay of transcripts
of the arterial endothelial genes notchla and rhoca contributes to
the emergence of haematopoietic stem/progenitor cells (HSPCs)
during endothelial-to-haematopoietic transition (EHT).Z> In mice,
YTHDF2 determines oocyte competence and early zygotic
development by regulating maternal transcript dosage.'*® In cells
undergoing heat shock, YTHDF2 expression is increased, and its
protein is translocated to the nucleus where YTHDF2 protects m°A
residues in the 5'UTR of stress-induced transcripts from demethy-
lation by FTO. Transcripts with enhanced 5'UTR methylation are
selectively translated via a cap-independent mechanism.?’

YTHDF3, together with YTHDF1, regulates mRNA translation by
interacting with a common set of ribosomal proteins.?*?” In
addition, YTHDF3 could also mediate mRNA decay by directly
interacting with YTHDF2.2® Overall, YTHDF3 serves as a hub for
fine-tuning the RNA accessibility of YTHDF1 and YTHDF2. YTHDF3
may also interact with other proteins to play additional cell-type
specific roles on target transcripts.

YTHDC2, the largest member of the YTH family, also preferen-
tially binds m®A within the consensus motif and can enhance the
translation efficiency while decreasing the bundance of its target
mMRNAs.'%6107.199110 yTHD(C2 has also been reported to play a role
in spermatogenesis, in which it can interact with the meiosis-
specific protein MEIOC to affect the stability of target transcripts
during meiosis prophase I.''"'"? Both male and female Ythdc2
knockout mice display infertility, demonstrating defects in meiotic
prophase |, suggesting its essential roles in spermatogenesis and
oogenesis.'® Importantly, YTHDC2 is much larger than other YTH
proteins (~160 kDa vs ~60 kDa), and contains multiple helicase
domains and two Ankyrin repeats. These unique features may
endow YTHDC2 with a variety of functions, including regulatory
effects on RNA binding and RNA structure, and recruitment of or
binding with other protein complex members.'%"'? Intriguingly, a
lack of m®A binding activity was reported by a CLIP study of
YTHDC2 in HEK cells.>”'"* The controversial findings that YTHDC2
acts as a reader of m®A in mouse testes but lacks m°A binding
activity in HEK cells suggest a cell- or tissue-specific role of
YTHDCQ2; it is also possible that YTHDC2 may indirectly regulate
m®A-containing transcripts through interaction with other factors.

Methylated RNA-binding 1 (Mrb1), another YTH domain
containing protein, has been reported to bind m°A in yeast’'
Additionally, several studies based on RNA pull-down approaches
detected other m®A interactors, including ELAV like RNA binding
protein 1 (ELAVL1, also known as HuR)>>*”'"™ FMR1,''®'"”
LRPPRC,""” and also IGF2BP family proteins.®* However, in most
cases, whether these proteins directly bind to m°A or whether
they are part of an m®A binding ribonucleoprotein complex needs
further clarification.

FUNCTIONS IN RNA METABOLISM

Recent accumulative studies revealed that m°A methylation
regulates almost every aspect of mRNA metabolism, from
expression and pre-mRNA processing in the nucleus to translation
and mMRNA decay in the cytoplasm.'>*'%""® mSA has been
reported to be associated with alternative polyadenylation
(APA),"912% which is coupled to the splicing of the last intron.
m°A-involved regulation mediated by METTL3,'?" ALKBH5'" and
YTHDC1'® has been shown to modulate mRNA export from the
nucleus to the cytoplasm. Several distinct mechanisms by which
mSA promotes mRNA translation have been demonstrated
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Fig. 2 Schematic summary of the roles of m°A in regulating mRNA
splicing. Exonic and most intronic m°A sites promotes exon
inclusion while a small proportion of intronic m°A sites can also
lead to exon skipping through a refined buffering system composed
of its writers, readers, erasers as well as other splicing-related factors

including the YTHDF1-elF3 pathway,** the cap-independent
translation®>'?2 and IGF2BPs-mediated translation.?* In the aspect
of mRNA stability control, earlier studies generally considered m°A
as a destabilizer facilitating mRNA degradation mainly through
YTHDF2,2%2"%23 while a recent study revealed a distinct function
of m°A mediated by IGF2BP proteins in promoting the stability
and storage of the mRNA targets.”* In addition, m°A could also
alter RNA folding and structure,>' 28731237127 and sort transcripts
into a fast track for mRNA metabolism.”'821252732 |y the rest of
this review, we focus on our current understanding of the roles of
mCA in RNA splicing regulation and discuss the discrepancy and
challenges in the field.

m®A modulates RNA splicing

Processing of pre-mRNAs to mature mRNAs consists of three main
steps: 5'capping, 3'polyadenylation and splicing. Splicing of the
pre-mRNA, involving precise excision of introns and joining of
exons in the nucleus,'®® is an important process in gene
expression and can increase the gene product diversity. Cis-
regulatory RNA elements and trans-regulatory splicing factors
participate in the process of alternative splicing regulation via
specific interactions between trans-factors and cis-element
sequences, which makes splicing regulation a dynamic and
complicated process.'* Cis-regulatory RNA elements can be
either intronic or exonic sequences and can promote (splicing
enhancers) or inhibit (splicing silencers) splicing activity.'*° Trans-
regulatory splicing factors regulate splicing by forming spliceo-
somes with different categories of U snRNAs on pre-mRNAs and
orchestrating with cis-regulatory elements.'®' To date, exonic and
intronic splicing enhancers (abbreviated as ESE and ISE, respec-
tively) bound by the SR proteins of splicing activators as well as
exonic and intronic splicing silencers (ESS and ISS, respectively)
bound by the splicing repressor hnRNP proteins have been
characterized and documented.”®® In addition to RNA-protein
interactions, RNA-RNA base pairing, chromatin modifications,
small RNAs, and RNA polymerase Il complex have also been
reported to regulate alternative splicing patterns.'?®'3° Recently,
several lines of evidence indicated that m°A also serves as an
important pre-mRNA splicing regulator.

The predicted role of m°A as a splicing regulator is initially
based on the early observations that m°A sites are concentrated in
the introns of pre-mRNAs and were more abundant in pre-mRNAs
than in mature mRNA.">27'3* One previous study indicated that
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pre-mRNAs are methylated at a level of ~4 m°A residues per
mMRNA, whereas for mature mRNAs, the number is ~2 m°A
residues per mRNA,"*? suggesting that methylation occurs in the
nucleus and the removal of introns results in the loss of total m®A
content per mRNA. Additionally, m®A is more likely to be found in
introns and exons that undergo alternative splicing.”? Accumulat-
ing evidence from specific individual mRNAs supports the idea
that m®A truly regulates splicing events, and its presence in either
intronic regions or exonic regions plays important roles in
alternative splicing.5713°2118.124.135

The localization of writers, readers and erasers of m®A to nuclear
speckles, the locations for mRNA splicing and storage of splicing
factors,”'2"31782 also supports the link of m°A with splicing.
Firstly, PAR-CLIP analysis showed that mRNAs undergoing alter-
native splicing have more METTL3 binding sites and N°-adenosine
methylation sites."**? CLIP-seq of METTL3-METTL14 by another
group revealed that 29-34% of their binding sites are in intronic
regions.>* Mettl3 depletion in mouse embryonic stem cells
generally favors exon skipping and intron retention.®” A recent
study also demonstrated that METTL3 functions in spermatogen-
esis by regulating the alternative splicing of spermatogonial
differentiation and meiosis initiation- related mMRNAs. Mettl3
deletion led to aberrant splicing of important spermatogenesis-
regulating genes, such as Sohlh1 and Dazl, by altering the m°®A
modification of their transcripts.** mRNAs that exhibit multiple
isoforms due to alternative splicing are significantly more likely to
contain m®A and be bound by METTL3 than mRNAs with only one
spliced isoform.'*2 The m°A signaling-deficient Ime4/Yt521-B null
mutant flies exhibit aberrant alternative splicing of Sx/.2%'> These
results indicate that the recruitment of METTL3 to pre-mRNA is a
co-transcriptional event with potential effects on either promoting
or influencing splicing. WTAP is also considered as a splicing factor
that binds to WT1 in Drosophilia,'*® and its targets are mainly
enriched in alternatively spliced exons rather than constitutively
spliced exons.'® The finding that deficiency of WTAP results in
altered mRNA isoforms also supports the idea that WTAP and m°A
methylation affects mRNA splicing.'®> Moreover, a recent study
reported an interesting phenomenon that the m°A methyltrans-
ferase METTL16 regulates the expression of the SAM synthetase
MAT2A by the enhanced splicing of a retained intron in the
presence of its methylation substrate, a vertebrate conserved
hairpin (hp1) in the MAT2A 3'UTR.S

Secondly, m®A erasers also affect splicing. Our previous report
demonstrated that enhanced levels of m°A in response to FTO
depletion in mouse pre-adipocytes promote the RNA binding
ability of serine- and arginine-rich splicing factor 2 (SRSF2), leading
to increased inclusion of target exons.'? A recent study in the
human 293T cell line revealed that FTO binds pre-mRNAs in the
nucleus and triggers inclusion of alternatively spliced exons. Upon
FTO depletion, m®A was strongly enriched at intronic as well as
exonic regions surrounding skipped exons, leading to exon
skipping events.'* ALKBH5 deficiency also significantly influenced
the nuclear speckle localization of several splicing factors and
altered more than 3000 mRNA isoforms, suggesting its effects on
splicing.'” A recent study further showed that ALKBH5-mediated
mOA erasure in the nuclei of spermatocytes and round spermatids
regulates splicing and stability of long 3'UTR mRNAs.>>

Thirdly, m®A readers could also regulate splicing. Direct binding
of m°A-decorated alternatively spliced exons by the m°A reader
protein YTHDC1 facilitates their inclusion into mRNA. YTHDC1
promotes SRSF3 (driving exon inclusion) but antagonizes SRSF10
(driving exon exclusion) binding to mRNAs and affects mRNA
splicing, leading to exon inclusion events.” Moreover, YTHDC1-
mediated m°A signaling plays a role in regulating the splicing of
replication transcription activator (RTA) pre-mRNA encoded by the
Kaposi's sarcoma-associated herpesvirus (KSHV).'*” HNRNP family
proteins could affect splicing through forming ribonucleoprotein
granules. Recent studies demonstrated that HNRNPA2B1 and
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HNRNPC are active splicing regulators correlated with m°A modifi-
cation.""'%* Specially, HNRNPA2B1 has been reported to directly
bind to m®A, leading to the regulation of alternative splicing events
similar to those regulated by METTL3,'® as well as facilitating the
processing of primary microRNAs (pri-miRNAs) to mature miR-
NAs.'%*13> Additionally, m®A also regulates pre-mRNA processing
by altering the local RNA structure to facilitate the binding of some
HNRNP proteins, such as HNRNPC and HNRNPG.>"'

Thus, m®A modification appears to change the mRNA isoform
diversity by regulating alternative splicing. Based on the
accumulating evidence that both exonic and intronic m°A sites
regulate alternative splicing, we propose a model depicting that
mC®A modification serves as an elastic system in splicing regulation
(Fig. 2), in which the rapid and dynamic changes in both levels
and modification sites of m®A can elaborately regulate mRNA
isoform dosage through the combined actions of m°A writers,
readers and erasers: A, m°A sites located in alternatively spliced
(AS) exons mainly lead to exon inclusion through m®A-dependent
molecular mechanisms regulating alternative splicing. B, m°A sites
buried into intronic regions could promote either exon inclusion
or skipping.

Though many current reports support the association of m°A
with RNA splicing regulation, one recent study from Ke et al.’*
reported that the vast majority of exons harboring m°A in wild-
type mouse stem cells are correctly spliced in cells lacking
METTL3, suggesting that m°®A is not obligatory for most of the
splicing events. In their study, 99 exons from 2000 alternatively
spliced cassette exons containing m®A were observed to have
significantly different inclusion levels upon Mett/3 depletion using
Quantas software with FDR<5% and APSI=0.1. Ke et al. also
examined the prevalence and distribution of m®A within intronic
sequences by carrying out m®A-CLIP on pre-mRNAs and found
that adenosine residues in introns have a smaller chance of being
methylated compared with adenosine residues in exons.'*®
However, Liu et al. recently identified 39,060 m®A-switches among
HNRNPC-binding sites and the majority (87%) of m°A-switches
occur within introns."' Pendleton et al. also found that most of the
METTL16-dependent m®A peaks were in introns or spanned
intron-exon boundaries.®

Several possibilities may explain different conclusions. The first
possibility is that the analyses are done in different scales (at a
global scale or with individual mRNAs). For the MBNL protein,'*® a
well-established splicing factor, only 6% of exons with MBNL
binding clusters showed significant changes in splicing upon
MBNL deficiency. This low proportion is attributed to the high-
affinity binding of many RNA-binding proteins (RBPs) to thousands
of different positions in the transcriptome, whereas probably only
a subset of the interactions are truly associated with their specific
functions.'® Considering that more and more m°A readers are
being validated, m®A in different regions along mRNAs may play
diverse regulatory roles at the post-transcriptional level, which can
also explain why the splicing effect of m®A can be found on some
specifically modified mRNAs but not all modified exons. Further-
more, not only exonic mCA on cassete exons but also m°A on
flanking exons or introns may regulate alternative splicing, which
is supported by the recent findings that many of the METTL3
binding sites are located in introns,'>”* illustrating that intronic
sequences may be a major target of nuclear methylation. m°A
may be introduced into introns at a relatively high level, which is
then followed by rapid intron excision and degradation.

The current technical limitation in the quantifications of m°A
modification might also result in different conclusions on whether
m°A affects alternative splicing. Unlike m>C that can be directly
quantified by C-to-T transition after bisufite treatment, m°A
modification can onlg be quantified so far as the enrichment
score by IP/input>'** or detected as mutation or truncation
products following a UV cross-linking procedure.''®'*'*2 The real
methylation level cannot be estimated at the transcriptome level,
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thus it is hard to evaluate whether the effect on splicing is caused
by relative m°®A levels on specific sites. Besides, details of the
methodology may also impact the sensitivity and efficiency of
detection, such as sequencing depth, analysis pipeline and
parameters used. Short reads and low converage result in less
read-covered junctions.'® The boundaries of cutoff on inclusion
change and FDR'3%'%471%6 are quite different among labs and
there is no gold standard for answering how many alternative
splicing events can be considered as direct effects. All of these
factors may have contributed to the controversy about the effect
of m®A on splicing at the transcriptome level. Moreover, given the
highly dynamic regulation of m°A by its methyltransferase and
demethylases, potential removal of m°A in spliced exons cannot
be ruled out. Thus, future systematic quantitative analysis of m°A
in pre-mRNAs at single site resolution will be promising to provide
a clearer view of the mechanism underlying mC°A-mediated
regulation of pre-mRNA splicing.

CONCLUDING REMARKS

Dynamic transcriptomic m®A modification is orchestrated by its
writers and erasers, while functions of m°A in RNA metabolisms
are carried out by its readers. Although some inconsistency in the
current literature needs further detailed investigation, multiple
lines of evidence support its significance in regulating both RNA
metabolism and distinct biological processes. Recently, efforts
have been made to directly detect m®A sites in RNA by
engineering DNA polymerase mutant capable of increasing
misincorporation opposite m®A'’ or by using the nanopore
technology for direct detection of RNA modifications.'*® Devel-
oping the future direct sequencing technology for RNA m°A will
be a key step to understand its dynamics and functions in vivo.
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