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Cracking the epitranscriptome
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ABSTRACT

Over 100 distinct chemical modifications can be catalyzed on RNA post-synthesis, potentially serving as a post-transcriptional
regulatory layer of gene expression. This review focuses on recent advances, knowledge gaps, and challenges pertaining to N6-
methyladenosine (m6A), an abundant modification of mRNA for which substantial progress has been made in recent years.
The discussed aspects are also very relevant for a wide range of additional modifications on mRNA collectively coined the

epitranscriptome.
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RNA can be post-transcriptionally modified with over 100
chemically distinct modifications (Machnicka et al. 2013),
each catalyzed by one or more often highly conserved
(Anantharaman et al. 2002) enzymes. In an analogous man-
ner to modifications occurring post-synthesis on proteins
(e.g., phosphorylation, ubiquitination) or on DNA (e.g.,
5-methylcytosine), chemical modifications on RNA—and
particularly within mRNA—harbor the exciting potential
of fine-tuning and regulating the properties of the RNAs har-
boring them. In recent years, there have been substantial ad-
vances in our understanding of the whereabouts, the nature,
and the roles of modifications on mRNA. While the focus
of this review is primarily on advances, knowledge gaps,
and challenges pertaining to N6-methyladenosine (m6A),
the discussed aspects are also very relevant for a wide range
of additional modifications on mRNA, of which we know
even less, collectively coined the “RNA epigenome” (He
2010) or “epitranscriptome” (Meyer et al. 2012; Saletore
et al. 2012).

RNA was recognized to be modified from the early days
of RNA research (Cohn and Volkin 1951; Davis and Allen
1957). Roughly two decades later, one particular modifica-
tion, N6-methyladenosine, was found to be abundant at
high levels within mRNAs (Desrosiers et al. 1974; Perry
and Kelley 1974; Lavi and Shatkin 1975; Wei et al. 1975,
1976). Nonetheless, the overwhelming majority of research
on RNA modification was limited to three classes of highly
expressed and catalytically active RNAs—rRNA, tRNA, and
snRNAs (Greenberg and Penman 1966; Grosjean et al.
1998). This is attributable to technical challenges in mapping
RNA modifications within the relatively lowly expressed
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mRNAs, which severely limited the ability to dissect their
role. The general notion that seems to have prevailed in the
field was that RNA modifications was a phenomenon pri-
marily limited to a few types of highly structured molecules,
within which it was likely a constitutive, “basal” feature.
The revived interest in RNA modifications over recent
years is due to two major advances. First, biochemical
approaches coupled with RNA sequencing have made it
possible to map certain RNA modifications in a transcrip-
tome-wide manner. Initial protocols for transcriptome-
wide mapping of m6A were achieved by using an anti-m6A
antibody to immunoprecipitate methylated RNA fragments,
followed by sequencing of the RNA (Dominissini et al. 2012;
Meyer et al. 2012). Obtaining these maps has been of crucial
importance, as they have (i) allowed the uncovering of specif-
ic genomic regions in which m6A was enriched in mRNAs
(Dominissini et al. 2012; Meyer et al. 2012; Ke et al. 2015)
or in microRNAs (Meyer et al. 2012; Chen et al. 2015;
Alarcén et al. 2015b), allowing the generation of testable hy-
potheses concerning the role of this modification; (ii) shown
that methylated sites are evolutionarily conserved between
human and mouse (Dominissini et al. 2012; Meyer et al.
2012; Batista et al. 2014), suggesting that m6A has a con-
served function; (iii) allowed addressing the dynamics of
the modification, revealing that in certain systems, such as
in yeast meiosis, m6A is highly dynamic (Schwartz et al.
2013), whereas in other assayed conditions, such as in im-
mune response to LPS or differentiation, the overall topolo-
gies appear to be stable (Batista et al. 2014; Schwartz et al.
2014b; Geula et al. 2015); and (iv) made it feasible to perturb
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individual methylated sites on mRNAs (Schwartz et al. 2013)
and to quantify m6A levels at physiologically methylated sites
in mRNA (Liu et al. 2013b), although to date studies have not
yet been able to link perturbations at individual m6A sites to
physiological roles.

A second, major advance in recent years has been in our
understanding of the players involved in encoding (“writ-
ing”), decoding (“reading”), and removing (“erasing”) of
m6A. Until five years ago, only a single factor—METTL3—
involved in m6A catalysis was known, though it was recog-
nized already at the time that this gene formed part of a larger
200 kDa complex required for m6A catalysis (Bokar et al.
1997). Over recent years, at least eight additional components
involved in encoding and decoding methylations have been
identified, including three additional m6A “writing” compo-
nents (METTL14, WTAP, and KIAA1429) in mammals (Liu
et al. 2013a; Ping et al. 2014; Schwartz et al. 2014b; Wang et
al. 2014b) and two in yeast (Agarwala et al. 2012); two m6A
“erasers” (FTO and ALKBHS5) (Jia et al. 2011; Zheng et al.
2013); and a class of m6A “readers” encompassing at least
three human paralogs (YTHDF1, YTHDEF2, and YTHDF3)
(Dominissini et al. 2012; Li et al. 2014; Schwartz et al.
2014b; Wang et al. 2014a, 2015; Zhu et al. 2014), conserved
in their ability to bind methylated RNA also in yeast
(Schwartz et al. 2013). Recently, also hnRNP proteins have
been implicated as m6A readers, both through direct binding
of m6A (Alarcén et al. 2015a) or indirectly, in a structure-
mediated manner (Liu et al. 2015).

Perturbation of these factors has implicated these genes—
and by inference, m6A—in playing critical roles in a variety of
systems. Specifically, experimental elimination of METTL3
or METTLI4 in human or mouse embryonic stem cells
abolishes the ability of cells to terminate their naive state
and to differentiate, leading to restricted lineage priming
and embryonic lethality (Batista et al. 2014; Geula et al.
2015). Early embryonic lethality is also observed upon loss
of WTAP in mouse (Horiuchi et al. 2006, 2013), and defects
in early development or gametogenesis are also observed
upon perturbation of m6A writers in yeast meiosis (Shah
and Clancy 1992; Clancy et al. 2002; Agarwala et al. 2012;
Schwartz et al. 2013), Drosophila oogenesis (Hongay and
Orr-Weaver 2011), and plants (Zhong et al. 2008; Bodi
et al. 2012). Further, depletion of METTLS3 elicited circadian
period elongation (Fustin et al. 2013). The two m6A deme-
thylases are also associated with pronounced phenotypes:
Mutations in FTO lead to severe growth retardation and mul-
tiple congenital abnormalities in human (Boissel et al. 2009),
and FTO-deficient mice suffer from growth retardation and
reduced body mass (Fischer et al. 2009). FTO depletion
also resulted in impaired differentiation of pre-adipocytes,
whereas differentiation was enhanced upon depletion of
METTL3 (Zhao et al. 2014). ALKBH5 depletion results in
impaired fertility in mice (Zheng et al. 2013). To date, the
m6A readers have only been associated with phenotypes in
yeast, where deletion of MRB1/Pho92 results in decreased
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growth on nonfermentable carbon sources (Kang et al.
2014) and delayed sporulation (Schwartz et al. 2013).

Importantly, integration of these two advances—i.e.,
overlaying m6A maps with molecular readouts (e.g., RNA
levels, RNA stability, translational efficiency) follow-
ing perturbation of newly discovered components of the
methylation machinery—has proven to be a particularly ef-
fective strategy for beginning to unravel the molecular
role of m6A. Research by the He laboratory, focusing on
the m6a “reader” YTHDEF2, established its role in destabiliza-
tion of methylated messages, and showed that messages
bound by YTHDF2 localize to P bodies (Wang et al.
2014a). Additional support for a role in RNA destabilization
was found in other studies (Schwartz et al. 2014b; Wang et al.
2014a,b; Geula et al. 2015). The He laboratory further dem-
onstrated that YTHDFI also binds to m6A and increases
translational efficiency (Wang et al. 2015). The Pan group
has highlighted a different mode of action for m6A—by
directly affecting RNA structure. They found that m6A desta-
bilizes the RNA duplexes, leading methylated mRNAs to be
more accessible to binding by the RNA binding protein
HNRNPC (Liu et al. 2015). Support for decreased secondary
structure at methylated sites was also found by the Chang
group, which overlaid transcriptome-wide in vivo measure-
ments of RNA secondary structures with mo6A sites (Spitale
et al. 2015). Other studies, perturbing factors involved in
writing or erasing m6A, have found effects on mRNA export
(Fustin et al. 2013; Zheng et al. 2013) and splicing (Zhao et al.
2014). Finally, recent studies have pursued an enrichment of
methylated sites around miRNAs. Studies by the Tavazoie
laboratory have revealed a requirement for m6A for process-
ing of pre-miRNAs (Alarcén et al. 2015b) and have further
reported that recognition of m6A in this context is mediated
by HNRNPA2BI (Alarcén et al. 2015a). A study from the
Zhou group has reported a different connection between
m6A and miRNAs, namely that miRNAs are required for for-
mation of m6A at their target sites (Chen et al. 2015).

Thus, advances in recent years have dramatically expanded
our toolkit for studying m6A and have begun to expose dif-
ferent levels at which RNA methylations are associated with
phenotypic and molecular consequences.

Nonetheless, major knowledge gaps remain to be filled.
The overarching challenge is bridging the “epitranscriptotype
to phenotype” gap and understanding how dysregulated
methylation sites lead to the diverse phenotypes with which
disruption of methylation writers/readers/erasers are associ-
ated. This question must be addressed at multiple levels.
First, it will be critical to establish that the phenotypes are
indeed methylation dependent and not due to secondary
functions of the associated enzymes. This is particularly im-
portant, as in various cases phenotypes obtained upon dele-
tion of RNA modifying genes are not or only partially
recapitulated in catalytically dead mutants (Tollervey et
al. 1993; Zebarjadian et al. 1999). In some cases RNA-mod-
ifying genes have an additional function completely unrelated
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to RNA modifications (Behm-Ansmant et al. 2004). Such ap-
pears to be the case also for m6A in meiosis, where a full dele-
tion of the yeast methyltransferase, IME4, has a more severe
phenotype than the one obtained in a catalytic mutant, sug-
gesting that IME4 may have additional functions not directly
dependent on methylation (Clancy et al. 2002; Agarwala et al.
2012).

Once it is established that a phenotype can be associated
directly with RNA modifications, the next challenge will be
in understanding which of the modified sites underlies the
phenotype. This is particularly daunting, as there are tens of
thousands of methylated sites in the mammalian transcrip-
tome, and deciphering which of them—or which combina-
tion of them—is causally linked to a phenotype is an
immense challenge. An important lesson to bear in mind in
this context is ADAR2-mediated editing of adenosine to ino-
sine. While ADAR2 deletion is lethal in mouse, and ADAR2
has tens of thousands of substrates transcriptome wide
(Levanon et al. 2004; Bazak et al. 2014), the lethality stems
from a single under-edited site in the GIuR-B transcript,
which can be reversed by substituting the under-edited alleles
with ones encoding the edited version genomically (Higuchi
etal. 2000). Establishing a physiological role for m6A will like-
ly require employing a similar strategy involving point muta-
tions in vivo at modified sites, nowadays made easier through
the advent of CRISPR/Cas9 technologies (Cong et al. 2013;
Mali et al. 2013). A potentially complicating factor is that it
was found that point mutating an m6A site in vitro might re-
sult in accumulation of m6A at adjacent positions (Narayan
et al. 1994; Bokar 2005). However, more recent work point-
mutating eight methylation sites in yeast found no support
for accumulation of m6A at adjacent positions in vivo, sug-
gesting that this is a viable strategy (Schwartz et al. 2013).

It will further be crucial to understand the functions of
m6A. The post-transcriptional life of an mRNA is very com-
plex, involving processing, export, subcellular localization,
translation, and degradation, and these different steps—as
well as the cross-talk between them—can potentially be im-
pacted by methylation. As indicated above, research in recent
years has begun to associate factors involved in methylation
in many of these steps, including processing (Fustin et al.
2013; Zheng et al. 2013; Zhao et al. 2014; Alarcon et al.
2015b), export (Fustin et al. 2013; Zheng et al. 2013; Zhao
et al. 2014; Alarcon et al. 2015b), destabilization (Schwartz
et al. 2014b; Wang et al. 2014a,b; Geula et al. 2015), and
translation (Wang et al. 2015). As these molecular effects
have been observed for the most part upon perturbation of
methylation-associated proteins, which potentially impact
all, or a large number, of methylated sites, it will be critical
to distinguish which of these effects are a direct consequence
of perturbed methylation states and which of them might re-
flect pleiotropic effects only indirectly linked to the initial
perturbation. To overcome these challenges, it will be neces-
sary to develop approaches to directly measure the conse-
quences of perturbing methylation states at individual sites,

such as by point-mutating the modified site. Alternatively,
these questions can be addressed by monitoring the RNA
life cycle in relevant systems in which such dynamic modifi-
cation patterns naturally exist.

In parallel, we need to better understand the mechanisms
through which m6A acts and how it is embedded and regu-
lated within the cellular circuitry. Though the discovery of
the m6A readers and the impact of the modification on
RNA secondary structures have been major advances in this
respect, our understanding remains in its infancy. We have a
very poor understanding of what happens downstream from
the binding of m6A by specific readers, how and where this
ties into the life cycle of an mRNA, and how this in
turn impacts cellular states and cellular decision-making.
Obtaining a mechanistic understanding of the factors in-
volved in decoding m6A will provide the tools to dissect
whether the distinct molecular effects (e.g., impact on stabil-
ity, impact on translation) are independent of each other and
whether they reflect—or allow—functional coupling of dif-
ferent steps in the mRNA life cycle.

In these contexts, it will be critical to understand to what
extent m6A is dynamically regulated. In contrast to yeast,
where methylations are highly dynamic across meiosis
(Clancy et al. 2002; Agarwala et al. 2012; Schwartz et al.
2013), across most surveyed mammalian systems the topolo-
gies of methylation appear, overall, to be stable (Batista et al.
2014; Schwartz et al. 2014b; Geula et al. 2015). An important
caveat in evaluating these results is that the methodologies
used in these studies to map methylations all rely on immu-
noprecipitations using an anti-m6A antibody, which is not
ideally suited for quantification of m6A stoichiometries,
and therefore subtle quantitative differences in methylation
stoichiometries are likely to remain undetected. For systems
in which m6A is dynamic, it will be important to understand
how such dynamics are achieved: Is it mediated through
dynamic control of methylation writers? Or through dynam-
ic elimination of methylations, achieved through erasers?
More generally, what is the division of labor between the dif-
ferent writers and between the erasers?

Closely related questions remaining to be resolved pertain
to the determinants of specificity at various levels: First, what
underlies the catalysis of m6A at only a fraction of the sites
containing an m6A consensus? Or the enrichment at specific
regions within genes (Dominissini et al. 2012; Meyer et al.
2012)? While it appears that the writers act as a single com-
plex and share the same substrates (Liu et al. 2013a;
Schwartz et al. 2014b), less is understood regarding the sub-
strates of m6A “readers” and even less regarding “erasers.”
Do different m6A readers bind to distinct subsets of sites,
as suggested by comparing Clip-seq data sets for two m6A
readers (Wang et al. 2015)? If so, how is such specificity
achieved? Similarly, what are the physiological substrates of
each of the two m6A erasers? Do they act on all sites, or are
they restricted to a potentially very small subset of sites, as
was suggested to be the case for FTO (Hess et al. 2013)?
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To help overcome these challenges, it will be crucial to fur-
ther develop our toolkit for studying m6A. Mapping technol-
ogies need to be further improved, ideally to not only provide
single-nucleotide resolution, as has recently been achieved
(Linder et al. 2015; Ke et al. 2015), but to also allow a
quantitative readout of the proportion, or stoichiometry, of
methylation at all sites. Current techniques for quantifying
stoichiometry are labor intensive and provide readouts only
for a single site at a time (Liu et al. 2013b). It will further
be necessary to come up with effective approaches to perturb
modification states at individual sites. To date, this has relied
on editing the genome sequence in a manner that precludes
modification, such as by point-mutating the modified site.
However, this strategy is not readily scalable nor does it allow
distinguishing whether effects associated with the mutant are
due to changing the modification state or the genome
sequence.

While this review has focused on m64, it is becoming ap-
parent that the collection of modifications on mRNA is
substantially wider. Recent advances in transcriptome-wide
mapping of a different modification, pseudouridine (¥),
have revealed this modification to be present at hundreds of
mRNAs in yeast and human (Carlile et al. 2014; Lovejoy
et al. 2014; Schwartz et al. 2014a). Moreover, ¥ was found
to be dynamically modulated in different conditions, such
as heat shock (Schwartz et al. 2014a) or nutrient deprivation
(Carlile et al. 2014) in yeast, suggesting that it may serve as
a regulatory layer. Previous studies have found 5-methyl-
cytosine (m5C) to be present on some mRNAs of archaea
(Edelheit et al. 2013) and human (Squires et al. 2012;
Hussain et al. 2013; Khoddami and Cairns 2013). Establishing
the functions of these modifications, the mechanisms through
which they act and interact, and linking them to phenotypes
with which their disruption is associated will require meeting
similar challenges to the ones described above.

Though numerous advances have been made in recent
years, our understanding of the epitranscriptome is still in
its infancy. We anticipate that the coming years will give
rise to many exciting insights, which will both expand our
knowledge of the repertoire of modifications on mRNA
and our understanding of their biological roles and the mech-
anisms through which they act.
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