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Abstract

RNA methylation, which was identified back in 1970s, has gained remarkable interest in recent years as it was shown to
be a reversible modification involved in many cellular processes like mRNA and miRNA processing, mRNA localisation,
translation suppression, or activation. These, in turn, affect important bioprocesses such as tissue development, sex deter-
mination, and DNA damage response. Important group of proteins are responsible for adding, recognizing, and removing
the methyl group to and from the RNA molecules, which are referred as writers, readers, and erasers, respectively. If any of
the processes is not strictly controlled, this can cause abnormalities in gene expression, which result in diseases including
cancers such as lung, pancreas, glioblastoma, and breast cancer. Mechanisms of RNA methylation and its role in various

cancer types and diagnostic methods for RNA methylation are discussed in this article.
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Introduction

Methylation, by definition, is the addition of a methyl (-CHj)
group to a molecule. Methylation is observed on nucleic
acids (DNA, RNA) and several proteins including histones,
and is recognized as a key process underlying epigenetic
regulation of histone architecture and gene expression in
eukaryotic cells [1].

The addition of methyl groups is controlled at several
different levels in cells and is carried out by a family of
enzymes called methyltransferases (writers). Equally impor-
tant and coupled with methylation is demethylation, which is
the removal of the methyl group. Demethylation is necessary
for epigenetic reprogramming of genes and this makes the
methylation process reversible and dynamic. Demethylation
is achieved by another enzyme family called demethylases
(erasers). In addition to writers and erasers, there is another
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important group of proteins that recognize these modifica-
tions, bind to them, and carry out different biological func-
tions (readers) [2].

DNA and histone methylation processes are very exten-
sively studied subjects. DNA methylation, especially on
promoter regions (CpG islands), is known to suppress gene
transcription [3], whereas effect of histone methylation pri-
marily depends on the level of methylation and position of
the methylated residue on the histone protein [4]. In both
cases, methylation results in a strict epigenetic control of
gene expression in eukaryotic cells. In addition to DNA and
histone methylation, another level of epigenetic regulation
has become a hot topic in biological sciences in the last dec-
ade, which is RNA methylation. RNA methylation involves
the addition of the methyl group either to the 5th carbon
of cytosine nucleotide (5-mC) or to the nitrogen on the 6th
carbon of adenine nucleotide (m®A) [5]. RNA methylation
modifications have been found for decades of years, which
occur at different RNA types of numerous species [6]. Grow-
ing evidence suggests a major regulatory role of RNA meth-
ylation modifications in mRNA processing (splicing, poly-
adenylation, etc.), localisation, miRNA processing, tRNA
stabilization, and translation suppression or activation.
These regulations have a big impact on tissue development,
circadian rhythm, DNA damage response, sex determination,
and diseases including tumorigenesis [7, 8]. MODOMICS
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database is a web-based database which contains the infor-
mation related to the RNA modification pathways. Until
now, 171 RNA modifications have been described and 72
of them include methyl groups [9].

5-Methylcytosine (5-mC) RNA modification

Even though cytosine methylation (5-mC) as an epigenetic
mark in DNA has been studied widely, the location, exact
mechanism of formation, and possible cellular functions
of the same modified nucleotide in different cellular RNAs
still remain to be investigated [10, 11]. Recent progress in
the field includes the characterization of several enzymes
belonging to the RNA (cytosine-5) methyltransferase
(RNCMT) family of proteins in various organisms, such as
NSun2, TRDMT1, and DNMT?2. These have been shown
to act as cytosine methyltransferases for tRNAs and rRNAs
using a catalytic mechanism [10, 12].

Functional studies indicated 5-mC methylation’s involve-
ment in structural and metabolic stabilization of tRNAs, and
also its importance for tRNA translation suppression in vivo
has been shown [11, 13]. However, as mentioned above,
the exact mechanisms and functions of 5-mC modifications,
especially in mRNAs, still need to be elucidated.

N°-methyladenosine (m®A) RNA modification

First identified in 1970s, m®A RNA methylation is one of the
most abundant post-transcriptional modifications, making
up approximately 50% of total methylated ribonucleotides
in total cellular RNA content [14]. It has gained prodigious
interest in recent years as being a predominant internal mod-
ification of especially mRNA molecules in higher eukary-
otes. Through its impact on protein binding, m®A influences
every step in the lifespan of an mRNA molecule, from splic-
ing, localization, polyadenylation to translation and decay. A
large protein complex named as the m®A methyltransferase
complex is responsible for the addition of the methyl group
to the nitrogen on 6th carbon of the aromatic ring of an
adenosine residue (Fig. 1).

The complex contains a core structure composed of
METTL3 and METTL 14 proteins, which have methyltrans-
ferase activity [15]. Another protein, Wilms’ tumor 1-asso-
ciating protein (WTAP), is also included in the complex. It
interacts with METTL3 and METTL14, and is required for
their localization into nuclear speckles enriched with pre-
mRNA processing factors and for catalytic activity of the
m6A methyltransferase in vivo [16]. In addition to METTL3,
METTL14, and WTAP, RBM15, KIAA1429, and possibly
ZC3H13 and CBLL1 are also found in the m®A methyltrans-
ferase complex [14] (Fig. 2).
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Fig. 1 Structure of an N6-methyladenosine molecule
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Fig.2 Representation of proteins found in the m®A methyltransferase
complex

Despite the identification of the m®A RNA modifica-
tion and the components of the methyltransferase complex,
there were no identified m6A RNA demethylases in higher
eukaryotic cells, until 2010. Then, obesity-associated pro-
tein (FTO) and ALKBHS5 were discovered to be mamma-
lian demethylases that oxidatively reverse m°A in mRNA
in vitro and in vivo [17, 18]. This discovery indicated that
m®A RNA modification is reversible and dynamically regu-
lated, suggesting it has regulatory roles in eukaryotic cells
[19]. Therefore, reversible RNA methylation, analogous to
reversible DNA and histone modifications, may affect gene
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expression and cell fate decisions by modulating multiple
RNA-related cellular pathways, which potentially provides
rapid responses to various cellular and environmental sig-
nals, including energy and nutrient availability in mammals
[19].

Once the RNAs are modified with m°A methylation, some
cytoplasmic and nuclear proteins, referred as the ‘reader’
proteins, can recognize the modified site and bind onto the
RNA to carry out specific functions. YT521-B homology
(YTH) domain-containing proteins including YTHDCI,
YTHDC2, YTHDF1, YTHDF2, and YTHDF3 have been
identified as readers of m®A marks on mRNA [14]. Binding
of different YTH-domain family proteins to distinct subsets
of m°A sites, results in production of different effects on
gene expression. For example, binding of YTHDF?2 results
in the localization of bound mRNA to mRNA decay sites
[20]. This results in reduced stability and increased turno-
ver of m®A-modified mRNA. YTHDF1, on the other hand,
binds to the modified mRNA and actively promotes protein
synthesis by interacting with the translation initiation fac-
tor eIF3 [21]. YTHDF3 was shown to be able to interact
cooperatively with YTHDF1 and YTHDF2. When bound
to YTHDF1 and YTHDF2, it accelerates mRNA decay and
translation initiation processes, respectively [22].

Another mechanism involves m®A methylation as a trans-
lational regulation during stress responses. When the stress
responses are triggered in a cell, m®A methylation of the
5'-UTR of stress response genes leads to cap-independent
translation [14, 23]. A transcript with a single 5' UTR m°A
residue directly binds to the eIF3, which is sufficient to

recruit the ribosomal 43S complex to initiate translation in
the absence of the cap-binding factor eIF4E [23]. During
this, YTHDEF2 is re-localized to the nucleus to prevent the
removal of m®A modification by FTO [14].

Apart from functions in mRNA regulation, m®A meth-
ylation is also involved in the processing of pri-miRNAs.
hnRNPA2B1 recruits the microRNA microprocessor com-
plex protein DGCRS to RNA sites that are modified by m°A
methylation and promote primary pri-miRNA processing
into mature miRNA [14, 24].

Biophysical studies indicated that m®A modification
can also have a direct effect on RNA structure. Unmodified
adenosine residues can form bonds with their adjacent bases
in RNA structures. But when the residue is modified with
meA methylation, this destabilizes the RNA duplex, so bases
adjacent to m®A sites tend to be more single stranded. As
a result, RNA-binding motifs that were once buried in the
hairpin structure is revealed and the accessibility of RNA-
binding proteins such as hnRNPC is improved. This, in turn,
mediates an indirect effect within the cell. This phenomenon
is termed as the ‘m®A switch’ [25] (Fig. 3).

RNA methylation and cancer

The main hallmark of cancer is abnormal regulation of the
gene expression. m°A is important for cellular differentiation
control and pluripotency. Recent studies highlighted that not
only abnormal gene expression and DNA methylation has
an effect on cancer development, but also RNA methylation

v

Fig.3 Representation of proteins found in the m®A methyltransferase complex
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is important for cancer self-renewal and cell fate. It is also
involved in cancer stem cell (CSC) pluripotency, extensive
cell proliferation, metastasis, and potentially in tumor immu-
nity, which makes it a new and promising therapeutic avenue
for investigation [26].

METTL3, METTL14, NSun2, FTO, ALKBHS5, YTHDF2
are noted as the abnormally methylated molecules in differ-
ent types of cancers [27]. One important affected group of
cells are hematopoietic stem cells. Hematopoietic stem cells
have diverse differentiation pathways to reach their final dif-
ferentiated state. Increased amount of m6A alters the normal
differentiation pathway and this causes abnormalities in the
progenitor cell state [26].

METTL3 mRNA and protein levels were shown to be
increased in acute myeloid leukemia (AML) cells com-
pared to normal human hematopoietic stem/progenitor
cells (HSPCs) and other types of tumor cells [27]. Deple-
tion of METTL3 in AML cell lines induces apoptosis and
cell differentiation, which in turn delays leukemia progres-
sion in vivo [27]. Like METTL3, another key component
of the m6A methyltransferase complex, METTL14 is also
highly expressed in normal HSPCs and also in a group of
AML cells and is downregulated during myeloid differentia-
tion [14, 28]. Silencing of METTL14 in HSPCs and AML
cells promotes terminal myeloid differentiation and inhibit
AML cell survival and proliferation [28]. On the other hand,
FTO, which is a m°A demethylase, was found to be highly
expressed in some types of AML. This results in repres-
sion of a suppressor of cytokine signaling box-2 (ASB2) and
the retinoic acid receptor alpha (RARA) due to decreased
mRNA stability upon FTO-mediated decrease of m°A RNA
methylation levels [14, 29].

It was shown that reduced mRNA mPA levels are critical
for the maintenance of glioblastoma stem-like cell (GSC)
growth, self-renewal, and tumor development. Knockdown
of METTL3 or METTL14 reduces mRNA m6A levels of
their target gene A disintegrin and metallopeptidase domain
19 (ADAM19) promotes ADAMI19 expression, which in
turn promote GSC self-renewal, growth, and tumorigenesis
[30, 31]. Also, inhibition of FTO suppresses tumor pro-
gression and prolongs lifespan of GSC-grafted mice [31].
Additionally, ALKBHS is highly expressed in GSCs, which
demethylates the forkhead box protein M1 (FOXM]1) nas-
cent transcripts. The nuclear RNA-binding protein HuR is
recruited to these unmethylated transcripts, which results
in stabilization of the mRNA [14, 32]. Stabilized FOXM1
mRNA causes elevated levels of FOXMI protein that func-
tions as a key cell-cycle molecule required for G1/S and
G2/M transition and M-phase progression in cells [14, 33].

In breast cancer, it was shown that the exposure of the
cells to hypoxia could stimulate hypoxia-induced factor
HIF-1a- and HIF-2a-dependent expression of ALKBHS.
ALKBHS then induces stabilization of NANOG mRNA
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through m®A demethylation [34]. NANOG is a pluripo-
tency factor and is required for the maintenance of cancer
stem cells, including breast cancer stem cells (BCSC). So,
this way, increased m®A demethylation correlates with the
promotion of BCSC phenotype [34]. Additionally, aber-
rant mammalian hepatitis B X-interacting protein (HBXIP)
expression was shown to upregulate the expression of
METTL3 through the suppression of let-7 g miRNA in
breast cancers. Elevated METTL3 then increases the expres-
sion of HBXIP forming a positive feedback loop, leading to
accelerated cell proliferation in breast cancer [35]. In hepato-
cellular carcinoma (HCC), on the other hand, overexpression
of METTL3 represses suppressor of cytokine signaling 2
(SOCS2) expression through an m6A-Y THDF2-dependent
mechanism and promotes tumor growth [36]. However,
another subunit of the m®A methyltransferase, METTL14,
promotes expression of miR126, which is a metastasis sup-
pressor molecule, and causes suppression of metastasis in
HCC cells [14].

The reader protein YTHDEF2 is shown to be upregulated
in human pancreatic cancer cells compared to healthy cells
in both mRNA and protein levels [37]. By interacting with
Akt/GSK3b/CyclinD1 pathway, YTHDF2 promotes cell pro-
liferation while it can suppress the migration and adhesion
capability of cancer cells by inhibiting EMT, likely via the
downregulation of YAS gene. This way, YTHDF?2 is said
to orchestrate EMT/proliferation dichotomy in pancreatic
cancer cells [14, 37].

Moreover, it was shown that NSun2 methylates the pre-
miR125b and reduces the levels of mature miR-125b [38].
This causes augmentation of its target gene products such
as GRB2-associated-binding protein 2 (Gab2) and results in
the promotion of cancer cell migration [14, 38].

Methods of detecting RNA methylation

Several methods have been developed for detection of DNA
methylation, which are based on bisulfite modification,
chemical modification of non-methylated cytosines, like
methylation specific PCR, bisulfite sequencing, MS-RFLP,
pyrosequencing, traditional PCR-based amplification frag-
ment length polymorphism (AFLP), restriction fragment
length polymorphism (RFLP), LUminometric Methylation
Assay, array, or NGS-based methods.

The identification of the RNA methylation events on
RNA structure and metabolism needs combination with
novel, high-throughput methods. For RNA 5-mC detection,
some methods that depend on the conversion of non-meth-
ylated cytosine residues to uracil after bisulfite treatment
are established and are widely used [39]. However, different
from the 5-mC, m°A RNA methylation has no such chemical
conversion [40]. Lack of sensitive methods for the detection
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of RNA modifications and their static and non-reversible
nature led to restrained scientific interest in this field.

Dot-blot and high-performance liquid chromatography
coupled to triple—quadrupole mass spectrometry (LC-MS/
MS) can be a useful tool for information of m®A modifi-
cation. But these techniques cannot be appropriate for the
identification of localization of these modified sites [40].
m6A-seq or MeRIP-seq are important tools for the iden-
tification of m®A because of their accuracy and reproduc-
ibility [41]. Another detection technique for RNA methyla-
tion is m6A individual-nucleotide-resolution crosslinking
and immunoprecipitation (miCLIP) [42]. Also, NGS-based
protocols were developed for the detection of different RNA
modifications [43].

Conclusion

Identification of important roles of m®A in human cancers
makes targets editing of m®A for an effective treatment strat-
egy. The identification of the increase of m°A RNA methyla-
tion in circulating tumor cells (CTCs) in lung cancer patients
should be used as a key for identification of the metastasis
mechanism of cancers in the future. Also, m°A RNA meth-
ylation could be a brand new therapeutic target in AML or
glioblastoma.
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