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1 | INTRODUCTION

Posttranscriptional processing of messenger RNA (mRNA) is a common feature of eukaryotes. The 5’ capping and 3’ polyade-
nylation modifications were discovered almost 50 years ago and have remained as one of the hallmarks of eukaryotic mRNA
processing (Edmonds, Vaughan, & Nakazato, 1971; Muthukrishnan, Both, Furuichi, & Shatkin, 1975; C. M. Wei, Gersho-
witz, & Moss, 1975b). However, the recent discovery of additional internal, functional mRNA modifications has introduced a
previously unappreciated level of mRNA metabolism regulation. This review will discuss the latest development in the field
of mRNA modifications from the perspective of nuclear mRNA processing.

The pioneering analysis of methylated nucleotides in mammalian mRNA in the 1970s revealed the presence of a
7-methylguanosine (m’G) cap at the 5’ end. It also unexpectedly detected internal methylated nucleotides (Desrosiers,
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Friderici, & Rottman, 1974; Perry & Kelley, 1974); Né-methyladenosine (m6A) was the most abundant modification
(Dubin & Taylor, 1975; Salditt-Georgieff et al., 1976). These studies provided valuable insights into the composition and pro-
portions of various internal mMRNA modifications. However, they lacked thorough biochemical and functional analyses due to
technical limitations. The big boom in the field came with the development of high-throughput sequencing methods combined
with biochemistry and/or specific antibodies, which provided tools to obtain a whole-transcriptome view of RNA modifica-
tions. Individual RNA modifications can be detected by specific approaches. Some may be directly detected as mismatch
mutations (e.g., A to I or C to U editing) or they must first be chemically modified to induce a mutation (e.g., bisulfite-based
sequencing of m°C). In other cases, such as N'-methyladenosine (m'A) or m°®A, the detection methods either rely on interfer-
ence with reverse transcriptase or utilization of specific antibodies (Dominissini et al., 2012; Meyer et al., 2012; Tserovski
et al., 2016). The recognition of the biological importance of RNA modifications, along with methodical developments, has
led to “epitranscriptomics.” This field, analogous to epigenetics, studies functionally relevant chemical RNA modifications
that do not alter the genomic sequence.

Thanks to methodological and technical developments, several major discoveries have changed our view on the impor-
tance of RNA modifications. In addition to reversible chemical modifications of DNA and proteins, RNA marks (mainly aden-
osine methylations) constitute yet another layer of gene expression regulation. In diverse eukaryotic lineages, dynamic RNA
methylation plays a key role in such elementary processes as germline maturation (Batista et al., 2014; Geula et al., 2015;
Y. Wang et al., 2014), early embryogenesis (Ivanova et al., 2017; Zhao et al., 2017), host defense against pathogens
(Martinez-Perez et al., 2017; Tirumuru et al., 2016), and cancer self-renewal and tumorigenesis (Cui et al., 2017; Z. Li et al.,
2017; Zhang et al., 2017) (Box 1). On the cellular level, methylation regulates a wide range of RNA-related processes: RNA
processing, stability, and translation. The aim of this review is to discuss the function of RNA methylation in nuclear pre-
mRNA processing. Most of the recent discoveries have been made in mammalian systems, but there is also new data from
other eukaryotes, such as yeast, flies, and plants (Schwartz et al., 2013; Zhang et al., 2015). The spectrum of newly identified
mRNA modifications grows every year; however, only a few have been studied in such detail as to be able to draw conclu-
sions about their function. We will first discuss the growing spectrum of mRNA methylation marks, describe the known
machinery involved in writing, erasing, and reading methylated mRNA, and finally we will discuss how these marks are
involved in the early steps of mRNA processing in the nucleus.

BOX 1
m®A IN DEVELOPMENT AND CANCER

Several studies have indicated that m°A is a key regulator during early development and gametogenesis in different spe-
cies. In mammals, m®A controls the stability of pluripotency regulators and thus allows embryonic stem cell (ESC) dif-
ferentiation into specific cell types (Batista et al., 2014; Geula et al., 2015; Y. Wang, Li, et al., 2014). Deletion of the
m°A writer, the Methyltransferase-Like 3 (METTL3) in (KO) mouse ESCs is viable, but they failed to differentiate into
specific lineages. Mettl3 KO in mouse is embryonically lethal (Geula et al., 2015). Failure of embryonic development
was also observed in Arabidopsis thaliana upon depletion of the METTL3 ortholog (Zhong et al., 2008). Drosophila
embryos were viable, but they suffered from severe neurological defects and reduced fertility (Haussmann et al., 2016;
Lence et al., 2016). Moreover, the m®A eraser AlkB Homolog 5 (ALKBH5) was required for mouse spermatogenesis
(Zheng et al., 2013), and the m°A readers YTHD Domain Family 2 (YTHDF2) and YTH Domain Containing 2
(YTHDC2) were needed for early zygote development in mammals and zebrafish and successful meiotic program in the
mammalian germline, respectively (Hsu et al., 2017; Ivanova et al., 2017; Wojtas et al., 2017; Zhao et al., 2017; Box 2).
Emerging evidence also suggests that m®A could play a role in cancer. For instance, the m®A methylation/demethylation
pathway regulated glioblastoma stem cell self-renewal and tumorigenesis (Cui et al., 2017; Zhang et al., 2017), and
METTL3, METTL14, and Wilms Tumor 1-Associating Protein (WTAP) were highly expressed in myeloid leukemia
(Jaffrey & Kharas, 2017). These pioneering and encouraging discoveries require further investigation to discover the
mechanistic details underlying the observed phenotypes.

2 | THE SPECTRUM OF MRNA METHYL MARKS

The spectrum of mRNA methyl marks includes, so far, six different modifications. RNA methylation may occur at the N1 and
N6 atoms in adenosine, N3 and C5 in cytidine, N7 in guanosine, and at the 2'-OH of ribose (Figure 1).

m’G, at the 5 end of mRNA, marks the beginning of nearly all cellular mRNA transcribed by RNA polymerase II
(RNAPII) (C. M. Wei et al., 1975b). In higher eukaryotes, the two nucleotides immediately adjacent to the cap show a
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FIGURE1 A schematic view of the structure and localization of methylated nucleosides in eukaryotic mRNA. The bold line represents the coding sequence,
and the thin lines are 5’ and 3’ untranslated regions (UTRs). Abbreviations: m7G, 7-methylguanosine; mGAm, N6,2’ -O-methyaldenosine; Nm, 2/-O-ribose
methylation; mlA, N 1—methyladenosine; rnGA, N(’—methyladenosine; m5C, 5-methylcytosine; m3C, 3-methylcytosine

complex methylation pattern (Figure 2). The characteristics and roles of the 2’-O-methylation (Nm) and N°2/-O-
methyaldenosine (m°A,,,) found next to the cap will be discussed later in this review. Most modifications found in mRNA,
such as m'A, N*-methylcytosine (m*C), N>-methylcytosine (m°C), and m°A, were first observed in noncoding RNA
(ncRNA), mainly in the abundant and stable transfer RNA (tRNA) and ribosomal RNA (rRNA).

Both adenosine modifications, m'A and m6A, were identified by the 1970s; however, more detailed molecular and bio-
chemical studies began only recently. Both modifications are reversible, meaning that they can be added and subsequently
erased from mRNA by specific enzymes.

m'A was first identified on rRNA and tRNA, where it is important for the formation of tertiary structure conformations
(Helm, Giege, & Florentz, 1999), and in 2016 it was also reported in mRNA (Dominissini et al., 2016). It is written by
TRMT6/TRM61A tRNA methyltransferase (X. Li et al., 2017; Safra et al., 2017), and it can be erased from tRNA and mRNA
by the DNA/RNA demethylase ALKBH3 (Aas et al., 2003; Li, Xiong, Wang, et al., 2016; Ougland et al., 2004; Sundheim
et al., 2006). In 2016 and 2017, several groups employed a method for site-specific detection of m'A in mRNA, but different
methodological approaches and data analyses led to controversial findings and conclusions. By using a combination of Dim-
roth rearrangement, antibody enrichment, and stalled reverse transcription, m'A was located at the 5’ untranslated region
(UTR) and around start codons of several hundreds to several thousands of different mRNA transcripts (Dominissini et al.,
2016; Li, Xiong, Wang, et al., 2016). These studies also revealed that m'A was dynamically regulated by diverse stress condi-
tions, such as starvation or heat shock (Li, Xiong, Wang, et al., 2016), and its 5’ location was proposed to positively regulate
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FIGURE 2 The chemical formula of the eukaryotic mRNA 5'-m’G cap structure with the two downstream nucleotides included. Red: stable methyl group
that forms the “Cap 0 structure (m’GpppN). Green: stable methyl groups that form the “Cap 1” (m’GpppNm) and “Cap 2” (m’GpppNmNm) structures.
Blue: if the first nucleotide of the mRNA is adenosine, it can be further methylated at the N° position of the base (m’Gpppm°®A,,). The enzymes responsible
for methylation/demethylation of the specific groups are depicted
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translation initiation (Dominissini et al., 2016). However, by using reverse transcription-based misincorporation and truncation
at modified sites as well as more strict bioinformatics analysis, Safra et al. (2017) found m'A only in a handful of cytosolic
mRNAs and a few mitochondrial mRNAs (in strong stem-loop structures) and linked m'A to translational repression and
developmental regulation. Since this field is very young, it needs further biochemical and chemical validations to accompany
the high-throughput sequencing studies. For instance, it is important to test the relevance of 5 terminal m'As as well as to
study the molecular mechanism that underlies the role of m'A at structured elements. Notably, m'A has been detected on
MALATI-associated small cytoplasmic RNA (mascRNA), which is a small tRNA-like RNA processed from MALATI long
noncoding RNA (IncRNA) by an unusual mechanism that involves RNase P and RNase Z (Wilusz, Freier, & Spector, 2008).
It is possible that m'A, like in some tRNA, stabilizes the tertiary conformation of mascRNA and thus promotes its yet
unknown function in the cytoplasm.

The additional methylation modifications m*C and m°C, which are also typically found in ncRNA (such as tRNA and
rRNA) were recently also reported in mRNA (Clark, Evans, Dominissini, Zheng, & Pan, 2016; Cozen et al., 2015; Iwanami &
Brown, 1968a, 1968b; Squires et al., 2012; Xu et al., 2017).

Two different enzymes are responsible for m>C deposition in tRNA, METTL2, and METTL6 (Xu et al., 2017), whereas
METTLS modifies mRNA (Xu et al., 2017). The presence of m>C on mRNA was indicated by high performance liquid chro-
matography coupled to mass spectrometry, but the specific locations are not yet known (Xu et al., 2017). Neither erasers nor
readers have been identified for m>C so far.

Regarding m’C, its presence in mRNA remains debated. Several methods based on indirect m°C detection have been
used to localize mC in coding and ncRNA. These methods include m*>C-RNA immunoprecipitation (RIP), 5-azacytidine-
mediated RIP (Aza-IP), and methylation at individual nucleotide resolution crosslinking and immunoprecipitation (miCLIP)
(Hussain, Aleksic, Blanco, Dietmann, & Frye, 2013; Li, Xiong, & Yi, 2016). For direct mapping of m>C in native RNA,
bisulfite sequencing, a technique widely used to study DNA methylation, was adopted (Amort et al., 2017; David et al.,
2017; Khoddami & Cairns, 2013; Legrand et al., 2017; Squires et al., 2012). Several of these studies reported thousands of
m>C positions in poly(A) + RNA, with even higher m°C levels in nuclear fractions (Amort et al., 2017; Khoddami &
Cairns, 2013; Squires et al., 2012). Thousands of m’C marks have been reported in plants. In Arabidopsis, the tRNA m>C
methyltransferase TRM4B was linked to the methylation of thousands of sites in mRNA coding sequences, and m°C was
suggested to play a role in mRNA stability and root development (David et al., 2017). The presence of m>C in eukaryotic
mRNA has, however, been strongly questioned by the work of Legrand et al. (2017), who developed a stringent and statisti-
cally robust pipeline for whole-transcriptome bisulfite sequencing data analysis and performed a comprehensive methyla-
tion analysis of mouse coding and ncRNA. Whereas their results revealed highly reproducible and robust detection of m°C
in tRNA and rRNA, they did not show any significant m’°C in mRNA (Legrand et al., 2017). However, some studies have
linked m°C in mRNA and ncRNA with specific functions in mammals. For instance, the human mRNA export adaptor
ALYREF was proposed to act as an m°C mRNA reader to regulate mRNA export from the nucleus (X. Yang et al., 2017),
and loss of m>C methylation on vault ncRNAs caused aberrant processing into Argonaute-associated small fragments that
can function as microRNAs (miRNAs) (Hussain et al., 2013). Together, the presence and function of m°C in mammalian
mRNA remains controversial.

Apart from simple methyl groups, more complex modifications can be found on RNA. Recently, the same family of
enzymes that oxidize 5-methylcytosine in DNA was reported to catalyze the formation of 5-hydroxymethylcytosine in
mammalian total RNA (5ShmC) (Fu et al., 2014; Kohli & Zhang, 2013). In flies, a transcriptome wide study using an
adapted version of methylation RNA immunoprecipitation sequencing (MeRIP-seq) with ShmrC antibodies, reported the
presence of ShmrC in many mRNA coding sequences, with particularly high levels in the brain (Delatte et al., 2016). They
found that active translation is associated with high ShmrC levels, and flies lacking the ten-eleven translocation (TET)
enzyme responsible for ShmrC deposition have impaired brain development. In addition, the removal of m°®A by the
demethylase fat mass and obesity-associated protein (FTO) is a multistep process that generates two intermediates, N°-
hydroxymethyladenosine (hm®A) and N°-formyladenosine (f°A), with expected lifetimes of approximately 3 hr (Fu et al.,
2013). It would be interesting to test whether these intermediates could also be recognized by different factors and change
the fate of the modified transcripts.

3 | THE MAMMALIAN m®A EPITRANSCRIPTOME

The most abundant and extensively studied internal modification of mammalian mRNA is m®A. A growing body of work
provides evidence about its role in nuclear pre-mRNA processing. m°A was initially identified in the 1970s in both mam-
malian and viral RNA as a part of the cap structure at the first nucleotide downstream of m’G (Adams & Cory, 1975; Des-
rosiers et al., 1974; Dubin & Taylor, 1975). Thirty years later, two groups independently developed MeRIP-Seq
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(or m6A-Seq), a technique that provided the first data on m°A distribution within (pre-) mRNA molecules (Dominissini
et al., 2012; Meyer et al., 2012). This approach combines immunoprecipitation of fragmented RNA using an m®A-specific
antibody with high-throughput sequencing and has been previously reviewed (Helm & Motorin, 2017; Li, Xiong, & Yi,
2016). These transcriptome-wide m®A maps revealed that, in mammals, approximately 7,000 transcripts contain at least
one m®A site. m°A marks were enriched in the proximity of the transcription start sites (TSS), around the stop codons, and
at the beginning of the last exons (Dominissini et al., 2012; Meyer et al., 2012). Notably, the high-throughput profiling
results were highly consistent with previous biochemical analyses (Dubin & Taylor, 1975; Perry & Kelley, 1974; Wei &
Moss, 1975). Apart from mRNA, mPA sites were also identified in various ncRNA, such as IncRNA (N. Liu et al., 2013;
Meyer et al., 2012; Patil et al., 2016; Warda et al., 2017), primary-microRNA (pri-miRNA) (Alarcon, Lee, Goodarzi, Hal-
berg, & Tavazoie, 2015), rRNA (Iwanami & Brown, 1968b), small nuclear RNA (snRNA) (Bringmann & Luhrmann,
1987), and tRNA (Saneyoshi, Harada, & Nishimura, 1969). The majority, but not all, of the internal mRNA m®A is found
within a semi-defined motif, namely RRACH (R = A/G, H = A/C/T) (Dominissini et al., 2012; Harper, Miceli, Roberts, &
Manley, 1990; Meyer et al., 2012; Wei & Moss, 1977). Interestingly, at the 5 UTR, the most prevalent motif is BCA
(B = C/U/G), rather than RRACH (Linder et al., 2015). These methylated positions near the TSS are probably m°A,, sites,
which contain an additional methyl group on the ribose (Mauer et al., 2017; C. Wei, Gershowitz, & Moss, 1975a). Another
unique feature of these TSS-proximal sites is that they are independent of WTAP, one of the main auxiliary proteins in the
METTL3/14 complex (Schwartz et al., 2014). Overall, the RRACH motif appears to be specifically preferred by the
methyltransferase METTL3 and the m°A,, sites at the TSS might be deposited by a different, as yet unknown
methyltransferase.

3.1 | Regulatory factors of the mammalian m°A epitranscriptome

3.1.1 | Enzymes that catalyze m°A modification: m°A writers

The N°-methyl residues are deposited on adenosines by S-adenosyl-methionine (SAM)-dependent methyltransferases. Mam-
mals express at least two enzymes that have the potential to introduce m®A in mRNA, the heterodimer METTL3/METTL14
(METTL3/14) and METTL16. METTL3/14 (Liu et al., 2014) can associate with several adaptor proteins: WTAP (Liu et al.,
2014; Ping et al., 2014; Schwartz et al., 2014), RBM15/15b (Patil et al., 2016), KIAA1429/VIRMA (Schwartz et al., 2014;
Yue et al., 2018), HAKAI (Ruzicka et al., 2017; Yue et al., 2018) and ZC3H13 (Knuckles et al., 2018; Yue et al., 2018)
(Table 1). However, the core of the active complex is formed by METTL3 and METTL14, homologous proteins that share
43% amino acid identity. They form a stable heterodimer, but only METTL3 contains catalytic methyltransferase activity,
whereas METTL 14 acts as a scaffold protein that promotes RNA interaction (Sledz & Jinek, 2016; Wang, Doxtader, & Nam,
2016; X. Wang, Feng, et al., 2016). This methylase complex is conserved across diverse eukaryotes, and homologs are found
in all blasted metazoan genomes and many protozoa (our unpublished analyses).

Consistent with MeRIP-seq experiments, RNA binding studies by photoactivatable ribonucleoside-enhanced CLIP (PAR-
CLIP) revealed that METTL3 and METTL14 preferentially occupy regions that contain the RRACH motif (Liu et al., 2014;
Ping et al., 2014). METTL3 and METTL14 colocalize in the nucleus, specifically in nuclear speckles (T. Chen et al., 2015;
Liu et al., 2014; Ping et al., 2014); however, association with other regulatory proteins influences their cellular localization
and RNA substrates (Patil et al., 2016; Ping et al., 2014; Schwartz et al., 2014). For example, interaction of METTL3 with
XIST IncRNA is regulated by the RNA binding protein RBM15/15b (Patil et al., 2016). WTAP appears to mediate modifica-
tion of the non-TSS m°A sites (Schwartz et al., 2014), and it is essential for the nuclear localization of the complex. Downre-
gulation of WTAP promotes METTL3/14 relocalization from nuclear speckles (Ping et al., 2014). The nuclear speckle
localization of METTL3 was also disrupted upon knockdown of the miRNA processing factor Dicer (T. Chen, Hao, et al.,
2015). Studies of polysome fractions from METTL3-depleted cells suggested that METTL3 associates with polysomes and
enhanced translation by recruiting elF3 to the translation initiation complex (Lin, Choe, Du, Triboulet, & Gregory, 2016).
However, the cytoplasmic role of METTL3 remains elusive and requires further clarification. Most of the studies indicate that
METTL3/14 has primarily a nuclear function (Ke et al., 2017; Knuckles et al., 2017; Liu et al., 2014; Ping et al., 2014; Xiang
etal., 2017).

The RRACH motif statistically occurs approximately once every 86 nucleotides, which is more than the experimentally
observed methylation frequency. Despite intensive research in this field, it remains unclear how enrichment of m°A at spe-
cific locations is achieved. Taking into consideration the complexity of known interactors of METTL3 and METTL14
(Schwartz et al., 2014), it will be intriguing to see how other unknown mRNA binding factors influence m®A mRNA
methylation.

The other m®A methyltransferase, METTL16, targets both ncRNA and protein coding mRNA (Pendleton et al., 2017;
Warda et al., 2017). In contrast to METTL3/14, it does not associate with the RRACH motif. Therefore, some of the m°A
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6 . .. . 6 .
m”A-mediated role or activity of the mammalian m”A writers, erasers, and readers

COVELO-MOLARES ET AL.

A summary of the known features of m°A protein factors, their molecular function, cellular localization, and a brief description of the

Protein Description Localization Molecular function References
METTL3 Catalytic core of the METTL3/14 N, C Methyltransferase, transferase, binding Liu et al. (2014), Sledz and
methyltransferase complex RNA/protein/SAM Jinek (2016), X. Wang,
Feng, et al. (2016)
MFTTL14 RNA-binding scaffold of the METTL3/14 N Methyltransferase, transferase, binding Liu et al. (2014), Sledz and
complex RNA/protein/SAM Jinek (2016), X. Wang,
Feng, et al. (2016)
WTAP Adaptor protein of the MFTTL3/14 complex N Binding protein Ping et al. (2014), Schwartz
essential for localization to nuclear speckles etal. (2014)
VIRMA/KIAA1429  Adaptor protein of the METTL3/14 complex N Binding RNA Schwartz et al. (2014), Yue
involved in guiding it to specific RNAs et al. (2018)
RBM15/15B Adaptor protein of the METTL3/14 complex N Binding protein/RNA/nucleic acid Patil et al. (2016)
involved in guiding it to specific RNAs
HAKAI Adaptor protein of the MFTTL3/14 complex N Ubiquitin-protein transferase/ligase activity, = Ruzicka et al. (2017), Yue
binding protein/metal ion etal. (2018)
ZC3H13 Adaptor protein of the METTL3/14 complex N Binding protein/RNA/metal ion Yue et al. (2018), Knuckles
required for protein protein interactions et al. (2018)
within the complex
METTL16 N6-methyltransferase that methylates snRNAs N Methyltransferase, transferase, binding Pendleton et al. (2017), Warda
and a subset of mRNAs RNA/U6 snRNA 3’ end/RNA strem-loop etal. (2017)
FTO m®A/m°A,,, RNA demethylase. Influences N, C Oxidoreductase activity, dioxygenase Jia et al. (2011), Bartosovic
splicing and regulates cap-independent activity, oxidative RNA demethylase et al. (2017), Zhao
translation after heat shock stress activity, oxidative DNA demethylase etal. (2014)
activity, binding metal ion
ALKBHS5 m®A RNA demethylase. Influences mRNA N Oxidoreductase activity, dioxygenase Zheng et al. (2013)
export activity, oxidative RNA demethylase
activity, binding RNA/metal ion
YTHDF1 Direct m°A reader. Promotes translation of C Binding RNA/m®A-containing RNA/protein/ Wang et al. (2015)
target m®A-modified mRNAs ribosome
YTHDF2 Direct m°A reader. Mediates decay and N, C Binding RNA/mGA—containing RNA/protein ~ X. Wang et al. (2014),
promotes cap-independent translation after Ivanova et al. (2017), Zhao
heat shock. YTHDF2-mediated decay et al. (2017), Zhou
regulates mammalian oocyte rnaduration etal. (2015)
and zebrafish maternal mRNA clearance
and haematopioetic stem cell specification
YTHDF3 Direct m°A reader. Promotes translation of C Binding RNA/m®A-containing RNA/protein/ Y. Yang et al. (2017), A. Li
target m6A-modified mRNAs and circular ribosome etal. (2017)
RNAs
YTHDC1 Direct m®A reader. Regulates splicing N Binding RNA/m°A containing RNA/protein ~ Xiao et al. (2016), Roundtree
modulating the binding of SRSF3 and etal. (2017)
SRSF10. Mediates export of m6A-modified
mRNAs
YTHDC2 Direct m®A reader. Regulates the meiotic C Binding RNA/m(’A-comaining RNA/protein/ Hsu et al. (2017), Wojtas
program in mammalian germline ATP/RNA polymerase, helicase activity, etal. (2017)
ATP-dependent RNA helicase activity,
RNA-dependent ATPase activity
HNRNPC Indirect m®A reader. Mediates spiking events N Binding RNA/m®A-containing RNA/mRNA  Liu et al. (2015)
dependent on “m°A switch” 3'UTR/ poly(U) RNA/telomerase
RNA/nucleosomal DNA/RNA polymerase
II proximal promoter and distal enhancer
sequence-specific DNA binding/protein
HNRNPG Indirect m®A reader. Mediates splicing events N Binding RNA/protein Liu et al. (2017)
dependent on “m°A switch”
HNRNPA2B1 Direct m°A reader. Promotes processing of N, C Binding RNA/ m°A containing RNA/mRNA  Alarcon, Goodarzi, et al.,
m®A-modified pri-miRNA precursors. 3/-UTR/miRNA/pre-mRNA intronic 2015, Alarcon, Lee, et al.,
Regulates splicing of m®A-modified binding/single-stranded telomeric DNA 2015
transcripts binding/G-rich strand telomeric DNA
binding/protein
elF3 Direct m°A reader. Promotes translation of C Binding RNA/protein, translation initiation Meyer et al. (2015)

target mRNAs with m°A within the 5 UTR

Note. N, nuclear; C, cytoplasmic localization.

factor activity

localization studies based on this sequence motif may have underestimated the total number of sites (Warda et al., 2017). It is
yet to be investigated whether METTL16 associates with any adaptor proteins. Additionally, thorough biochemical character-

izations need to be performed to clarify its substrate specificity and enzymatic activities.
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3.1.2 | The dynamics of m®A: m°A/m°A,, erasers

Similar to m'A (see above), m°A is a reversible mark. It can be readily removed in mammals by two currently known
demethylases, FTO and ALKBHS5 (Jia et al., 2011; Zheng et al., 2013) (Table 1). FTO and ALKBHS5 are members of a protein
family that harbors an ALKB domain. ALKB proteins are Fe**/a-ketoglutarate-dependent dioxygenases that catalyze the con-
version of methylated RNA and DNA nucleotides (Fedeles, Singh, Delaney, Li, & Essigmann, 2015). Similar to the methylase
complex, both FTO and ALKBHS are localized in nuclear speckles (Jia et al., 2011; Zheng et al., 2013). Although FTO can
also be localized to the cytoplasm (Gulati et al., 2014), final m®A decoration, and thus the majority of demethylation, occurs
on chromatin-associated pre-mRNA (Ke et al., 2017) to influence pre-mRNA processing (Bartosovic et al., 2017; Zhao et al.,
2014) (see below).

FTO substrate specificity has been debated numerous times. It was initially reported as a DNA demethylase that preferen-
tially targeted 3-methylthymine (3-meT) in single-stranded DNA (ssDNA) (Gerken et al., 2007). However, only a year later,
in vitro studies demonstrated that recombinant human and mouse FTO displayed higher activity on 3-methyluracil in ssSRNA
rather than 3-meT in ssDNA (Jia et al., 2008). This view was again altered a few years later, when m°®A RNA was identified
as the main FTO substrate both in vitro and in vivo (Jia et al., 2011). Most recently, biochemical analyses combined with thin
layer chromatography revealed dimethylated adenosine m°A,, as the major substrate of FTO in the cytoplasm (Mauer et al.,
2017). The current view is that FTO preferentially targets m®A and m°®A,,; its activity on other modified RNA and DNA
nucleotides needs to be clarified. Currently, ALKBHS and FTO have only been found in vertebrates. Plants contain another
m°A demethylase ALKBH9B (Martinez-Perez et al., 2017).

3.1.3 | The recognition of m°A by specific reader proteins

m®A mRNA modification has emerged as a regulator of RNA structure (Liu et al., 2015; Spitale et al., 2015) and protein—
RNA interactions. m°A functions are mediated by distinct RNA binding proteins termed m®A readers (Table 1). The m°A
readers recognize modified RNAs either by direct recognition of m®A-containing sequence or through afinity to particular
RNA conformations that are sensitive to m°A.

m®A-modifed RNA pulldown combined with mass spectrometry (MS) led to the identification of several m°A RNA
binders (Dominissini et al., 2012). These proteins include several members of the YTH family (YT521, the founding member
of the family), namely YTHDF1, YTHDF2, and YTHDF3 (Dominissini et al., 2012; Theler, Dominguez, Blatter, Boudet, &
Allain, 2014; X. Wang, Lu, et al., 2014; Zhu et al., 2014). Although the YTH domain is found in several mPA reader proteins,
direct m®A recognition does not fully rely on this domain. For instance, the translation initiation factor eIF3, which does not
contain this domain, binds mPA in the 5’ UTR (Meyer et al., 2015). m®A can have both positive and negative effects on inter-
actions with particular proteins. For instance, the binding affinity of ELAV-1/HuR to some mRNA is reduced when they are
m®A-modified, although this reduction is largely dependent on the spatial distribution of m°A and HuR binding sites
(X. Wang, Lu, et al., 2014).

Besides direct recognition, m°®A can also indirectly affect protein binding by modulating adjacent binding sites that do not
overlap with m°®A. in vivo measurements of RNA secondary structures by in vivo click selective 2-hydroxyl acylation and pro-
filing experiment (icSHAPE) revealed decreased folding of methylated RNA sequences comparing to unmethylated; the find-
ing underscored the role of m®A in regulating mRNA folding (Spitale et al., 2015). Disruption of dsSRNA hairpins by m°A
exposes ssRNA regions that facilitate their indirect recognition by ssRNA binding proteins. This m®A-dependent RNA remo-
deling was termed “m°A switch” (Liu et al., 2015), and it can influence the binding of different RNA binding proteins (Liu
et al., 2015, 2017). The versatility of m°A writer adaptors, the possibility for removal by erasers and a plethora of recognition
mechanisms by readers (summarized in Table 1), confers m®A modification a regulatory potential that needs to be further
studied.

4 | THE ROLE OF METHYLATION IN PRE-mRNA PROCESSING

Initial primary transcripts produced by RNAPII undergo several processing steps to become mature mRNA. For most pre-
mRNA, these steps include three main processes: addition and modification of a 5’ cap, removal of introns by RNA splicing,
and formation of mature 3’ ends by cleavage and polyadenylation. Transcription and processing are not independent pro-
cesses; they occur simultaneously and there is a crosstalk between the factors involved, largely through the carboxy-terminal
domain (CTD) of RNAPII (Lenasi & Barboric, 2013). Several lines of evidence support the notion that m°A deposition and
removal occurs co-transcriptionally (Baltz et al., 2012; Bartosovic et al., 2017; Ke et al., 2017; Knuckles et al., 2017; Slobodin
et al.,, 2017). METTL3 can be co-precipitated with slowed-down RNAPII upon camptothecin (CPT) treatment (Slobodin
et al., 2017), and METLL3 chromatin immunoprecipitation (ChIP) experiments demonstrated its direct association with chro-
matin (Knuckles et al., 2017). Furthermore, using a very different approach, Ke et al. (2017) reported that m°A deposition



8 of 17 Wl LEY 723 rmmEs COVELO-MOLARES ET AL.

occurs during transcription while RNA is still attached to chromatin. The comparison of m°A-CLIP profiles among
chromatin-associated RNA (pre-mRNA), nucleoplasmic, and cytoplasmic mRNA did not reveal any significant differences;
this finding implied that final m®A decoration is completed while the mRNA is still associated with the transcription locus.
All the other m®A players, METTL16, FTO, and ALKBHS target pre-mRNA (Baltz et al., 2012; Bartosovic et al., 2017;
Warda et al., 2017). However, their direct association with chromatin and transcription units remains unknown. Altogether,
these studies suggest that m®A methylation/demethylation has the potential to regulate the very early steps of nuclear pre-
mRNA processing. Therefore, we will review the current knowledge on the role of m°A in pre-mRNA processing and
describe the open questions and discrepancies in the field.

4.1 | The complex methyl code at the 5’ end of mRNA

Most eukaryotic mRNA is co-transcriptionally modified at the 5’ end by a cap structure (Figure 2). The 5’ cap protects mRNA
from 5'—3’ exoribonucleases, helps to recruit the molecular machinery necessary for translation initiation and splicing, and
acts as an export signal for snRNA (Hocine, Singer, & Grunwald, 2010; Topisirovic, Svitkin, Sonenberg, & Shatkin, 2011).

The 5’ cap is formed by an unusual 5’-5' triphosphate linkage of a guanosine methylated at the seventh position of the gua-
nosine ring (m7G) to the first 5’ terminal nucleotide of the mRNA (Wei, Gershowitz, & Moss, 1976; Wei & Moss, 1975).
Guanosine m’G is the best characterized nucleotide methylation site of the cap (Ramanathan, Robb, & Chan, 2016; Topisiro-
vic et al., 2011). However, 5 mRNA termini have a more complex array of modifications. The two nucleotides immediately
downstream of m’G can also be methylated at the second carbon of the ribose (2/-OH position) to create 2’-O-methylation
(Nm). If just the first nucleotide after m’G is methylated, it forms the so-called cap 1 structure (m’GpppNm). In mammals, this
methylation is performed by the enzyme CMTRI1 (Belanger, Stepinski, Darzynkiewicz, & Pelletier, 2010). Additional 2’'-O-
methylation of the second position can occur in the cytoplasm, mediated by CMTR2 (Werner et al., 2011), to form cap
2 (m’GpppNmNm). These two additional methylations serve as a mark to distinguish self and nonself mRNA and to avoid
the recognition of cellular mRNA by the innate immune system (Daffis et al., 2010; Zust et al., 2011). However, many viruses
that replicate in the cytoplasm have evolved their own RNA-modifying enzymes to mimic cellular mRNA in order to evade
the host immune system (Daffis et al., 2010; Zust et al., 2011). 2’-O-methylation of viral mRNA avoids recognition by the
cytoplasmic RNA sensor MDAS and, consequently, the production of type I interferon, and thus subverts the host antiviral
response (Zust et al., 2011).

In addition to ribose 2/-O-methylation, if the downstream adjacent nucleotide to m’G is A, it can be methylated at the sixth
purine position to form méAm (C. Wei et al., 1975a). This methylation is reversible by FTO (Mauer et al., 2017) to produce
2'-O-methyaldenosine; however, it is unknown which enzyme adds the N°-methyl group. These TSS-associated m®A marks
appear to play a major role in the cytoplasm to stabilize mRNA transcripts (Mauer et al., 2017) and activate translation initia-
tion (Meyer et al., 2015; Y. Yang, Fan, et al., 2017; Zhou et al., 2015). The m®A marks within the 5’ UTR can act as so-called
m®A-induced ribosome engagement sites (MIRES), and they promote mRNA translation under certain stress conditions
(Meyer et al., 2015; Zhou et al., 2015). Based on the Zhou et al. (2015) study, heat shock induces relocalization of the cyto-
plasmic m®A reader YTHDF2 to the nucleus where it protects 5 UTR m®As from demethylation by FTO. This event in turn
promotes cap-independent translation initiation by the direct recognition of m®A by eIF3, which recruits the pre-initiation
complex independently of the cap-binding factor eIF4E (Meyer et al., 2015). A similar m°A-driven translation initiation, but
mediated by the mPA reader YTHDF3 and the translation initiation factor elF4G2, was demonstrated with circular RNA (cir-
cRNA) (Y. Yang, Fan, et al., 2017).

In summary, the 5" cap structure of mammalian mRNA can contain up to four methyl groups: the stable m’G, two Nm
sites, and one reversible methylation site on transcripts that contain adenosine at the TSS (m°A,,). It would be interesting to
determine whether additional methyl groups are present on the cap and how the cellular machinery interprets this complex
modification at the beginning of mRNA transcripts.

4.2 | The role of RNA methylation in the regulation of pre-mRNA splicing

mPA has been thought to play a critical role in constitutive splicing (Stoltzfus & Dane, 1982). The regulation of pre-mRNA
splicing is not fully understood. The spliceosome machinery is composed of small nuclear ribonucleoproteins (snRNPs), in
which snRNA possess a number of nucleotide modifications, including base and 2’-O-ribose methylations. With some excep-
tions, the role and enzymatic pathways that produce most of these modifications are unknown. METTL16 catalyzes methyla-
tion at position A43 of U6 snRNA (Pendleton et al., 2017; Shimba, Bokar, Rottman, & Reddy, 1995; Warda et al., 2017). The
exact function of this modification is unknown, but structural studies suggested that it might be important for local structure or
base pairing in the U4/U6.U5 tri-snRNP spliceosome (Agafonov et al., 2016).
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Internal mRNA adenosine methylations were also linked to pre-mRNA splicing in cis. Downregulation of m°A by

METTL3 knockdown resulted in transcriptome-wide alternative splicing (AS) changes (Dominissini et al., 2012), and a num-

ber of follow-up studies have established robust links between both m°A and m°A factors and pre-mRNA splicing
(Bartosovic et al., 2017; Haussmann et al., 2016; Lence et al., 2016; Liu et al., 2015, 2017; Molinie et al., 2016; Patil et al.,
2016; Xiao et al., 2016; Zhao et al., 2014). m°A modification may affect pre-mRNA splicing by at least three different mecha-
nisms (Figure 3), as described below:

1. m®A regulates the binding of specific splicing factors through RNA conformation. Mechanistically, m°A impacts the

dynamics of RNA conformations that favor the transition from paired to unpaired RNA (Spitale et al., 2015). This mecha-
nism was termed “m®A-switch” and has the potential to regulate access of RNA binding proteins. RNA folding occurs co-
transcriptionally, and mRNA conformation immediately regulates co-transcriptional processing, including splicing (Liu,
Hu, & Zhang, 2016). To date, the presence of m®A was shown to facilitate the binding of hnRNPC to its target RNA and
in turn influenced their splicing pattern (Liu et al., 2015). hnRNPC preferentially binds RNA on single-stranded U-tracts
(>4 Us). Liu et al. (2017) demonstrated that the presence of m®A opposite to a U-tract in a hairpin of MALATI made the
U-tract more accessible and enhanced its interaction with hnRNPC.

. Methylated mRNA recruits m®A reader proteins that bind in the vicinity of splice sites (SSs) and promote or repress
recruitment of trans-acting splicing factors. This mechanism occurred for YTHDC1, which bound m°A-modified regions
in the vicinity of the 5" and 3’ SS and recruited the splicing factor SRSF3 while inhibiting the binding of SRSF10 (Xiao
et al., 2016). SRSF3 and SRSF10 have opposing roles in AS; the former promotes exon inclusion and the latter exon skip-
ping. Therefore, at exons with a SS that contains SRSF3 and 10 binding sites, the presence or absence of m°A, and in turn
whether YTHDC is bound to that residue, can regulate AS (Xiao et al., 2016). YTHDCI also plays a role in dosage com-
pensation in mammals (Patil et al., 2016). m®A marks in the X-inactive specific transcript (XIST) were required to mediate
gene silencing of the X chromosome, although it is unknown how YTHDCI binding contributes to gene silencing (Patil
et al., 2016). Interestingly, the role of m®A in dosage compensation is conserved. In Drosophila, binding of the m°A
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readers of m°A that play a role in splicing, 3’ end processing, and nuclear mRNA export are shown

A schematic view of the role of the m®A methylation/demethylation pathway in nuclear pre-mRNA processing. Writers, erasers, and known
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reader YT521-B to the methylated sex determination factor Sex lethal (SxI), regulated the female-specific AS of sx/, a key
regulator of dosage compensation (Haussmann et al., 2016; Lence et al., 2016).

3. The third mechanism involves direct recognition of m°A-modified motifs by splicing factors; only one example has been
reported. The splicing factor hnRNPA2B1 was proposed to mediate some of the m®A-METTL3-dependent AS events,
although the study lacks direct proof (Alarcon, Goodarzi, et al., 2015).

4.2.1 | The role of m°A demethylases in AS regulation

The role of m°®A in AS regulation is supported by studies on m°A demethylases. FTO appears to regulate AS of a distinct sub-
set of genes in mice and humans. In mouse adipocytes (3T3 cells), FTO-mediated demethylation was proposed to affect splic-
ing of a group of exons that rely on the splicing factor SRSF2 (Zhao et al., 2014). Among the genes, FTO seems important for
exon exclusion in a transcript encoding the adipogenic regulatory factor RUNXITI; this finding links FTO and adipogenesis
(Merkestein et al., 2015; Zhao et al., 2014). In human HEK293T cells, FTO bound intronic regions in the proximity to alterna-
tively spliced exons, and its activity affected both exon inclusion and exclusion for several hundred pre-mRNAs (Bartosovic
et al., 2017). The detailed mechanisms and splicing factor(s) involved have yet to be uncovered. ALKBHS plays a key role in
splicing regulation during spermatogenesis in mice (Tang et al., 2018). Its activity was required for correct splicing to generate
long 3’ UTR transcripts in mitotic and meiotic male germ cells. These transcripts are crucial for timely degradation in later
steps of spermatogenesis (Tang et al., 2018).

On the other hand, a study from the Darnel group suggested that the major role of m®A is mRNA stability rather than pro-
cessing (Ke et al., 2017). They analyzed constitutive and AS in METTL3 knockout mouse embryonic stem cells (mESCs) and
observed only minor changes compared with wild type cells. Nevertheless, alternatively spliced exons that contained m°A
showed 4% and 1% more frequent inclusion and exclusion, respectively, in METTL3 knockout mESCs. In agreement with the
proposed role of m°A in promoting mRNA degradation (Du et al., 2016; X. Wang, Lu, et al., 2014), they found that m°A cor-
related with rapid turnover (Ke et al., 2017).

AS is an extremely complex and highly regulated process that results in tissue and developmental stage-specific splicing
and proteome patterns (Nilsen & Graveley, 2010). Seemingly, m®A is one of the many AS regulators. It is important to further
investigate which mechanisms and factors are involved in m®A-regulated AS and also what regulates m®A deposition on dis-
tinct alternatively spliced transcripts.

4.3 | Adenosine methylation in the formation of 3’ mRNA ends

Processing at the 3’ end of RNAPII transcripts involves a highly complex process and machinery capable of recognizing the
precise localization of polyadenylation (poly(A)), endonucleolytic cleavage, and polyadenylation. It is mediated by a large
multisubunit complex. Cleavage position is dictated by several sequence elements in the 3' UTR. The best characterized exam-
ple is the so-called poly(A) site (PA). In humans, it is estimated that approximately 50% of protein coding genes contain more
than one PA, so-called alternative polyadenylation (APA) sites (Tian, Hu, Zhang, & Lutz, 2005). The differential usage of spe-
cific APAs subsequently determines the 3’ UTR length and presence or absence of additional regulatory sequences, such as
miRNA binding sites, secondary structures, or motifs for RNA-binding factors. The 3’ end quality thus impacts mRNA stabil-
ity, localization, and translation rate.

With respect to the 3’ mRNA end, one of the two most prominent m®A sites is in the vicinity of stop codons and the begin-
ning of the 3’ UTR (Batista et al., 2014; K. Chen et al., 2015; Dominissini et al., 2012; Linder et al., 2015; Meyer et al., 2012;
Schwartz et al., 2014) or at the beginning of the last exon (Ke et al., 2015). Numerous studies established that m®A marks at
3’ mRNA ends regulate primarily cytoplasmic events such as stability and translation efficiency (X. Wang, Lu, et al., 2014;
Wang et al., 2015; Y. Wang, Li, et al., 2014) (Box 2). These mechanisms have been studied in great detail (Fu, Dominissini,
Rechavi, & He, 2014; Hoernes & Erlacher, 2017). However, several studies also provided evidence that mC®A was involved in
nuclear pre-mRNA processing of 3’ ends (Bartosovic et al., 2017; Ke et al., 2015; Molinie et al., 2016).

Interestingly, the combination of m®A-IP with UV-crosslinking and high-throughput sequencing uncovered that 70% of all
m®A modifications were in the last exons, particularly in long last exons (Ke et al., 2015). It was proposed that long last exons
could carry more mCA residues, and this increase in modified residues could inhibit proximal APA selection. However, down-
regulation of METTL3, METTL14, and WTAP resulted in differential APA selection in both proximal and distal sites in a
subset of mRNAs (Ke et al., 2015). The study did not provide any further insights on the possible molecular mechanism of
the m°A-linked APA selection.

Since the development of the first transcriptome-wide methods to study m°A location and distribution along mRNA, dif-
ferent approaches have improved several aspects of the technique (K. Chen, Lu, et al., 2015; Linder et al., 2015; Liu et al.,
2013; Molinie et al., 2016). One improvement was the development of the so-called “m°A-LAIC-Seq” (Molinie et al., 2016)
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BOX 2
THE CYTOPLASMIC ROLE OF m°A

m®A has been shown to regulate, in large part positively, mnRNA translation and decay in the cytoplasm. The cytoplas-
mic reader YTHDF1 promoted translation of its target m°A-modified mRNA (Wang et al., 2015). One of the most ver-
satile m®A readers, YTHDF2, is connected with both translation and decay. Acting as a cytoplasmic reader, YTHDF2
promoted decay of m®A-modified transcripts (X. Wang, Lu, et al., 2014) by recruiting the CCR4-NOT complex
(Du et al., 2016). This YTHDF?2 role has been linked with clearance of specific mRNA transcripts during early develop-
ment and oocyte maturation (Ivanova et al., 2017; Zhao et al., 2017) (see Box 1). On the other hand, as a nuclear reader,
it is linked to translation. During heat shock, YTHDF2 protects m®A/m®A,,, marks at the 5" UTR of specific transcripts,
namely Hsp70, from the demethylase FTO (Zhou et al., 2015). These methylated transcripts are recognized in the cyto-
plasm by eIF3 to promote cap-independent translation (Meyer et al., 2015). Interestingly, m®A seems to play a dual role
during heat shock. Under this condition, the m°A marks preferentially deposited by METTL3 in heat-response tran-
scripts also serve as marks for targeted and rapid degradation to ensure an acute response (Knuckles et al., 2017).
Another protein of the same family, YTHDF3, promotes translation of target mRNA and circRNA (A. Li, Chen, et al.,
2017; Y. Yang, Fan, et al., 2017). Only one study has linked methylation with increased stability. Transcripts with
m°A,, at the 5’ cap seem to be more stable than monomethylated transcripts (m’GpppNm) probably due to their resis-
tance to DCP2-mediated decapping (Mauer et al., 2017).

that relies on sequencing intact full-length transcripts from m°A enriched and nonenriched samples. Sequencing nonfragmen-
ted RNA allows comparison of m®A enrichment on transcript variants of individual genes. Using this novel technique, Molinie
et al. (2016) noted that m®A-enriched transcripts tend to more frequently use proximal APA sites than their corresponding
nonmethylated partners. On the other hand, for the total RNA population (input), they observed that m°A levels positively cor-
related with 3’ UTR length, in accordance with the findings by Ke et al. that m°A accumulated in long last exons (Ke et al.,
2015; Molinie et al., 2016). This apparent discrepancy could be explained by mC®A-mediated degradation. Molinie
et al. proposed that these m®A-enriched transcripts with short 3’ UTRs turn over more rapidly and therefore are underrepre-
sented in the total RNA population. This model would also be supported by recent findings about FTO. Depletion of FTO by
CRISPR-Cas9 in HEK293 cells resulted in longer 3’ termini for a large subset of genes, which coincided with the position of
validated APA sites (Bartosovic et al., 2017; Gruber et al., 2016). However, whether stabilization of FTO-dependent m°A
marks really promotes degradation of short 3’ UTR transcripts remains to be tested.

In summary, there are myriad questions and still very few answers regarding the potential role of m°A in 3’ end proces-
sing. It would be interesting and challenging to explore whether some of the players in the m°A pathway are involved with 3’
end processing machinery and help in poly(A) site selection (Figure 3).

4.4 | RNA methylation as a regulator of mRNA export to the cytoplasm

Mechanisms that connect efficient mRNA processing and export are critical for proper gene expression. Previous observations
suggested that the cytoplasmic appearance of mRNA is dependent on m®A methylation (Camper, Albers, Coward, & Rottman,
1984; Finkel & Groner, 1983). Reducing m°A levels using the S-adenosylhomocysteine analog S-tubercidinylhomocysteine
(STH) in HeLa cells resulted in delayed nuclear export of mature mRNA (Camper et al., 1984), and the same effect was
observed upon METTL3 knockdown (Fustin et al., 2013). Correspondingly, ALKBHS5 depletion led to rapid cytoplasmic
mRNA appearance (Zheng et al., 2013).

Mechanistically, this process is mediated, at least for some mRNA, by YTHDC1. YTHDCI1 incorporates the methylated
target mRNA into the nuclear export pathway by interaction with SRSF3 (Roundtree et al., 2017). SRSF3 then acts as an
adaptor between YTHDCI and nuclear export factor 1 (NXF1) to facilitate the export of the m®A-modified mRNA bound by
the reader protein (Roundtree et al., 2017; Figure 3).

These pioneer studies have proposed mechanistic insights on mRNA methylation-driven nuclear export. Future studies
will reveal the extent of this regulation and the molecular details which link methylation, pre-mRNA processing, and export.

4.5 | Methylation and small RNA processing

The accumulation of methyl marks, namely m°A at 3’ UTRs, partially correlated with miRNA binding sites (T. Chen, Hao,
et al., 2015; Dominissini et al., 2012; Meyer et al., 2012). In addition, knockdown of Dicer, the endonuclease responsible for
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producing mature miRNA, reduced m®A levels in mammalian neuronal stem cells and HeLa cells and caused delocalization
of METTL3 from nuclear speckles (T. Chen, Hao, et al., 2015). However, METTL3 and Dicer do not interact in vivo, and the
changes in m®A levels seem to be mediated directly by miRNA; exogenous introduction of miRNA directed against non-
methylated transcripts increased m°A levels on their target sites (T. Chen, Hao, et al., 2015). It was proposed that miRNA
could help to direct METTL3/14 to modify specific sites, although no further mechanistic details were provided (T. Chen,
Hao, et al., 2015).

In turn, m®A marks were also detected on pri-miRNA. m®A promoted pri-miRNA processing by enhancing its recognition
by DGCRS (Alarcon, Lee, et al., 2015). This process was mediated by the nuclear m®A reader HNRNPA2B1, which recog-
nized the methyl marks and interacted with the microprocessor complex and DGCRS8 (Alarcon, Goodarzi, et al., 2015)
(Figure 3). Altogether, these works suggest that METTL3 and miRNA processing pathways are co-regulated and the interplay
between them affects both mRNA methylation and miRNA processing.

5 | CONCLUSION

In the early days of RNA research, it was already recognized that this molecule bears variable chemical modifications. How-
ever, due to technical limitations, the majority of research on RNA modifications was restricted to the three classes of highly
expressed and stable RNA: rRNA, tRNA, and snRNA. Only recently have major technical advances revived interest in RNA
biology and its processing, modification, and physiology. This expanding interest, in turn, acts as driving force to keep
improving the technological tools. Biochemical approaches, coupled to high-throughput sequencing, have made it possible to
study not only whole transcriptomes but also to map individual modifications and reveal the function of RNA-modifying
enzymes or protein binding factors. All these tools would be inconceivable without increasing progress in computing power
and development of bioinformatics tools. Improved sensitivity of mass spectrometry made it the gold standard for the identifi-
cation of new chemical modifications and their assignment to specific types of RNA. The revolutionizing step in m°A studies
was the development and utilization of an anti-m°A antibody for immunoprecipitation of methylated RNA fragments followed
by RNA sequencing. All of these factors, combined with developments in cell manipulation, including RNAi tools, CRISPR-
Cas9 gene editing, and protein tagging, allowed the identification of several writers, readers, and erasers in the field of
epitranscriptomics.

A certain degree of controversy and inconsistency currently exists in the field. Careful steps must be taken to clarify the
presence of methylation other than m°A in the eukaryotic mRNA. The biggest challenge to this task is still how to precisely
and reliably detect individual modifications with single nucleotide resolution. Rectification will include improved protocols
for pure mRNA isolation (free of contaminating ncRNA) and development of new approaches that allow direct, site-specific
detection of methyl marks without the use of indirect tools (e.g., antibody enrichment or relying on reverse transcriptase
“errors”). Most importantly, further elaboration of robust and available bioinformatics analyses tools should be a key step in
comparative analyses of data obtained from various groups. Currently, attempts are being made to interconnect the published
data in databases (Boccaletto et al., 2018).

It will be crucial to understand the functions of methyl marks on mRNA and other ncRNA. mRNA exhibits a complex co-
and post-transcriptional life, which in the nucleus involves a number of processing and modification steps, stability, and
nucleo-cytoplasmic export. Most of these processes are interconnected. Several studies implied that methylation and demeth-
ylation occur co-transcriptionally; therefore, it will be important to reveal to what extent methylation can affect transcription,
and vis-a-vis, how transcription efficiency may regulate mRNA methylation patterns. The dynamics of m°A and m'A resem-
bles the dynamics of DNA modifications, which play a crucial role in gene expression regulation. Since the modifiers are to a
certain extent homologous to DNA-modifying proteins, it will be interesting to address whether there is any crosstalk between
epigenetic and epitranscriptomic pathways.

The expanding interest in the field has led to the identification and characterization of the key factors of the m°A mRNA
pathway. The mammalian methyltransferase core complex has been characterized biochemically, structurally, and to certain
extent biologically. However, we still do not know how auxiliary factors, such as Virilizer homolog, WTAP, or RBM15/15b,
regulate methylation. One of the big questions that remains is what defines the final m°A (or other mark) pattern. m®A and its
writers have been located to RRACH motifs, but only a very small portion of such motifs at specific mRNA locations are
methylated. This phenomenon could be regulated by adaptor factors, including RNA binding proteins, METTL3/14 auxiliary
factors, or even other RNAs (e.g., miRNA) (T. Chen, Hao, et al., 2015; Patil et al., 2016). Additionally, not much is known
regarding the selectivity of readers, that is, whether different readers bind to distinct subsets of sites and how such specificity
is achieved. Alternatively, the activity and selectivity of RNA demethylases could determine which marks can persist in a
given RNA molecule. For m®A, at least two mRNA m®A methyltransferases and two demethylases have been uncovered. The
level of target and functional redundancy between these factors is yet unknown. It is also unknown what enzyme(s) deposit(s)
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methyl groups on purine rings in the 5’ terminal m®A,,,. Based on a recent report from Meyer et al., FTO prefers m°A,, rather
than m®A (Mauer et al., 2017). This finding needs to be further integrated with other published results that link FTO nuclear
function to m®A.

Taken together, a number of studies have increased significantly our awareness about the importance of methyl marks on
coding RNA and have given rise to the new field of mRNA epitranscriptome. The field is still in its infancy, and there are
exciting opportunities for new fundamental discoveries.
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