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Topology of the human and mouse m°A
RNA methylomes revealed by m°A-seq
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An extensive repertoire of modifications is known to underlie the versatile coding, structural and catalytic functions of
RNA, but it remains largely uncharted territory. Although biochemical studies indicate that N°~-methyladenosine (m°A) is
the most prevalent internal modification in messenger RNA, an in-depth study of its distribution and functions has been
impeded by a lack of robust analytical methods. Here we present the human and mouse m°®A modification landscape in a
transcriptome-wide manner, using a novel approach, m®A-seq, based on antibody-mediated capture and massively
parallel sequencing. We identify over 12,000 m®A sites characterized by a typical consensus in the transcripts of more
than 7,000 human genes. Sites preferentially appear in two distinct landmarks—around stop codons and within long
internal exons—and are highly conserved between human and mouse. Although most sites are well preserved across
normal and cancerous tissues and in response to various stimuli, a subset of stimulus-dependent, dynamically modulated
sites is identified. Silencing the m°A methyltransferase significantly affects gene expression and alternative splicing
patterns, resulting in modulation of the p53 (also known as TP53) signalling pathway and apoptosis. Our findings

therefore suggest that RNA decoration by m®A has a fundamental role in regulation of gene expression.

Although the multiple layers of epigenetic regulation that result from
modification of DNA and proteins have been intensively explored, RNA
modifications are still uncharted territory'. The complex structure-
function relationship of RNA makes it challenging to decipher its intricate
biological roles. A wide variety of post-transcriptional modifications,
with over a hundred known so far?, decorate RNA molecules from all
domains of life to expand their nucleotide repertoire. Nonetheless,
knowledge of their location and function is limited at present.

m°A is the most common internal messenger RNA modification
found in eukaryotes, as well as in RNA of nuclear-replicating viruses”.
It is catalysed by an evolutionarily conserved, nuclear, multi-component
enzyme, only one of whose subunits, methyltransferase like 3 (METTL3),
has been identified®. In all organisms tested, induced experi-
mental deficiency of the methyltransferase is detrimental and leads
to apoptosis (Homo sapiens’), developmental arrest (Arabidopsis
thaliana®) or defects in gametogenesis (Saccharomyces cerevisiae®,
Drosophila melanogaster”).

Since m®A was first discovered in mRNA decades ago®, only a few
sites have been mapped in cellular and viral RNA, none of them in
human, both in coding and non-coding regions™'®. All sites were found
within sequences conforming to the degenerate consensus RRACH
(A = m®A)™'2, Unlike adenosine-to-inosine editing, m°CA does not alter
the coding capacity of transcripts'*'*. Importantly, it was shown that a
specific position can be methylated in only a fraction of transcripts’
(that is, non-stoichiometric) and that certain transcripts seem to be
completely devoid of m®A (ref. 15), suggesting that this base modifica-
tion serves some regulatory role. The recent identification of fat mass
and obesity-associated protein (FTO) as the mCA demethylase's, and its
dynamic association with nuclear speckles further supports this notion.

Progress towards elucidating the biological function of m°A was
largely impeded by a lack of efficient methods for its detection and

manipulation'®. Although clearly attesting to the essential role of the
m®A methyltransferase, previous studies provided only limited
insight into the underlying molecular mechanisms by which this
ubiquitous modification acts (reviewed in ref. 3).

To gain further insight into the role of m®A in RNA metabolism, we
sought to determine the positions of m®As at a transcriptome-wide
level. We present a novel approach, m®A-seq, which accomplishes this
goal by combining the high specificity of an anti-m°A antibody applied
to randomly fragmented transcripts with the power of massively
parallel sequencing. Using m°A-seq, we compile the first human and
mouse RNA methylomes, to our knowledge, and demonstrate their
evolutionary conservation and response to changing cellular condi-
tions. We complement this analysis by characterizing the effects of
m°®A on splicing, and by identifying protein candidates associated with
methylated RNA sequences (Supplementary Fig. 1).

m°A-seq exposes the RNA methylome

To identify and localize m°A sites at a transcriptome-wide level we
applied m°®A-seq to RNA purified from a human hepatocellular
carcinoma cell line (HepG2). Poly(A) *_selected RN A was fragmented
into ~100-nucleotide-long oligonucleotides (input) and immuno-
precipitated using an anti-m°A affinity purified antibody. Libraries
were prepared from immunoprecipitated as well as input control
fragments, and subjected to massively parallel sequencing (Fig. 1a).
Reads were uniquely aligned to a reference transcriptome containing a
single, intron-free splice variant per gene (Supplementary Table 2),
and m°A sites were identified using a peak-detection algorithm with
an estimated false detection rate (FDR) < 7% (Methods). This ana-
lysis yielded 12,769 putative m°®A sites (henceforth referred to as m°A
peaks) within 6,990 coding gene transcripts (Fig. 2e and Supplemen-
tary Fig. 2a-c) and 250 non-coding ones (Supplementary Fig. 2d),
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Figure 1| m®A-seq capture of modified RNA fragments exposes an
enriched motif. a, Schematic diagram of the m6A—seq protocol. ab, antibody;
nt, nucleotide. IP, immunoprecipitation. b, Sequence logo representing the
deduced consensus motif following clustering of all enriched motifs. ¢, Density
plot illustrating the distribution of distance between the peaks of m®A/control
fragments and the nearest mCA consensus motif (RRACU).

such as lincRNAs and antisense RNAs—comprising the first m°A
RNA methylome (Supplementary Tables 1, 6 and Supplementary
Link 1). This number probably underestimates the actual number
of m°A sites (Supplementary Fig. 3).

Repeated analysis using the model-based analysis of ChIP-seq
(MACS) peak-calling algorithm based on genome-aligned reads iden-
tified 20,401 peaks (FDR = 5%, fold change =4), containing over
96% of the transcriptome-based peaks, among them 1,508 intron
peaks (Supplementary Table 3).

The high specificity and immunoprecipitation compatibility of the
antibody used are well established and have been described in a
multitude of publications™®*>. Several additional measures were
taken to ensure the validity and stringency of our experimental
approach (Supplementary Note 1), in addition to identification of a
known m°A site within 18S rRNAZ.

To determine whether our identified m®A peaks share a common
sequence element potentially specifying methylation, we performed
an unbiased search for motifs enriched in regions surrounding m°A
peaks (Methods). Clustering of all significantly enriched sequences
perfectly recapitulated the previously established RRAC core, and
revealed a terminal U to be a dominant part of the consensus
(Fig. 1b and Supplementary Fig. 4). The median distance between
m°A peaks and the consensus sequence was 24 nucleotides, compared
to 117 nucleotides in control peaks, supporting the specificity of m°A-
seq and reflecting its resolution (Fig. 1c). The identification of a strong
consensus reinforces the authenticity of the newly discovered m°A
peaks, and supports the existence of a predominant methylation
machinery.

Our results show that the HepG2 transcriptome contains ~1 m°A
peak per 2,000 nucleotides (Supplementary Fig. 3), or ~1.7 peaks per
gene. These results are in line with previous estimations of ~3 m°A
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Figure 2 | The transcriptome landscape of m°A reveals a unique topology.
a, Metagene profiles depicting sequence coverage in windows surrounding the
TSS (left) and stop codon (right). Coverage of m°®A IP and control (input)
fragments is indicated in blue and red, respectively. To normalize for expression
levels, coverage for each position is divided by the mean coverage in the control
experiment. b, Top, pie chart presenting the fraction of m°A peaks in each
of five non-overlapping transcript segments. Middle, relative enrichment of
mCA peaks across transcript segments. Bottom, schematic of the five segments.
¢, Density plot showing the distribution of m°A/control peaks according to
exon length. d, Fraction of genes with m°A peaks in each of the segments as
a function of expression level. e, Representative gene transcripts harbouring
mCA peaks. Colour codes are the same as in panel a. Peaks are highlighted

in yellow. Black dashed lines signify CDS borders; transcript architecture is
shown beneath, with thin parts corresponding to UTRs and thicker ones

to CDS; exon-exon junctions are indicated by vertical black lines.

a.u., arbitrary units.

residues per average mRNA transcript in mammalian cells, which
largely relied on the gross proportion of m®As out of all methylated
nucleosides®. Of note, as transcripts are fragmented before immuno-
precipitation, the m°®A-seq analysis is blind to methylation patterns at
the single transcript level, but rather produces a gene-specific methy-
lation profile based on fragments derived from the entire transcript
population of a given gene.

Given that the determined consensus is far more prevalent than the
actual observed frequency of m°®As by an order of magnitude, other
structural elements, sequence determinants and/or processing steps
might be necessary to specify a site for methylation. A previous small-
scale computational prediction suggested that m°As lie within the
loop of a stem-loop structure’. However, using RNAfold, we were
unable to identify strong secondary structures in regions harbouring
newly identified m°A peaks.

As can be expected from such widespread occurrence, no func-
tional category (GOTERM_MF_1-5) was found to be enriched in a
gene ontology (GO) analysis, suggesting that m°A has a fundamental
function.

mCA distribution reveals a unique topology

Having exposed a new layer of RNA modification, the next challenge
is to infer putative functions. To this end, we began by systematically
examining the distribution of m®A peaks along transcripts relative to
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landmarks in their architecture, based on the single-transcript,
intron-free transcriptome data set (to avoid misinterpretations due
to peaks falling into different isoform-dependent landmarks). We
noted that m°A peaks were markedly correlated with two distinct
coordinates: immediately following the transcription start site (TSS)
and in the vicinity of the stop codon (Fig. 2a). Overall, stop codon
peaks were more pronounced than TSS peaks. To assess the enrich-
ment methodically, we assigned each m°A peak to one of five non-
overlapping transcript segments: TSS; 5’ untranslated region (UTR);
coding sequence (CDS); stop codon; and 3" UTR (Fig. 2b, pie chart),
and then normalized by the relative fraction each segment occupied in
the transcriptome (Fig. 2b, histogram). The stop codon segment (400-
nucleotide window centred on the stop codon) stood out as most
enriched in m®A peaks, with 28% of the peaks, representing a ~2.6-
fold enrichment over the distribution expected by chance
(P<22X107°%, #* test; Fig. 2e and Supplementary Fig. 5).
Moreover, 33.5% of all adequately expressed genes (that is, >40 reads
per kilobase (kb)) had a peak in this region. In only 2.3% of the cases
did a methylation consensus form at the stop codon (incorporating its
two consecutive purines), indicating that methylation typically did
not occur precisely at the stop codon but rather in its vicinity.

Nonetheless, the much longer CDS segment, although slightly
depleted in m°A peaks when normalized by length, harboured the
largest fraction of peaks (37%) (Fig. 2b, e). Notably, these peaks tend
to occur within unusually long internal exons: of 2,838 m°A peaks
within internal exons, 2,453 (87%) are in exons longer than 400
nucleotides, compared to only 14% of the negative control peaks
(P=3.4X10""%° ttest) (Fig. 2c, Supplementary Fig. 6 and
Supplementary Table 1). Comparing the lengths of flanking introns
and the strengths of the 5" and 3’ splice sites and polypyrimidine tract,
we found only minor differences between long methylated exons and
their unmethylated counterparts, which for the most part were not
statistically significant.

In contrast to all other segments, we found no tendency for TSS
peaks (that is, in the first 200 nucleotides of a transcript) to be near a
methylation consensus sequence (Supplementary Fig. 7b), suggesting
that a methyltransferase other than the METTL3 complex is involved.
Indeed, when adenosine is the first transcribed nucleotide, in addition
to the obligatory ribose 2’-O-methylation, it can be further methylated
by another methyltransferase at the N° position of the base to generate
(N®-,2'-0-)-dimethyladenosine (m°A,,,)>**, also recognizable by our
antibody®'. In support of this claim, transcripts with TSS peaks were
~25% more likely to begin with adenosine compared with transcripts
lacking such peaks (Supplementary Fig. 7a). Taken together, TSS peaks
appear to reflect, at least partly, m°A,,, belonging to the 5 cap structure,
and attest, once more, to the validity of m°A-seq.

We next examined the relationship between methylation and
expression by plotting the fraction of genes with m°A peaks in each
of the segments as a function of expression level. Interestingly, the
CDS, stop codon and 3’ UTR segments exhibited a non-monotonic
relationship: whereas transcripts of moderately expressed genes were
more likely to be methylated, transcripts of genes expressed at the two
extremes were less methylated (Fig. 2d). This pattern, which is
unlikely to be due to coverage limitations or to bias of differential
read sampling (Supplementary Fig. 8), is of functional interest and is
reminiscent of a similar relationship between DNA methylation
found in gene bodies and their corresponding expression levels®,
raising the intriguing possibility that these phenomena might be con-
nected. In contrast, we observed a positive correlation between
expression level and the presence of an m®A peak in the TSS segment.

Comparison of human and mouse methylomes

The non-random distribution of m°®A peaks in the human transcrip-
tome indicates a fundamental role of this modification. To determine
the evolutionary conservation and consequent functional importance
of m°A, the human and mouse methylomes were compared. We
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applied m°A-seq to RNA purified from mouse liver and obtained
4,513 m°A peaks within 3,376 coding gene transcripts and 66 non-
coding ones (Supplementary Tables 1 and 7). Clustering of all signifi-
cantly enriched sequences perfectly recapitulated the human
methylation consensus sequence (Fig. 3a and Supplementary Fig. 9a).
The mouse metagene profile revealed, as in human, a peak around the
stop codon and at the TSS (Fig. 3b and Supplementary Fig. 9¢, d). In
mouse, too, modifications were highly enriched in long internal exons,
with 91% of the peaks in exons longer than 400 nucleotides
(Supplementary Table 1 and Supplementary Fig. 9b). Thus, on the
global level, m°A is highly conserved between the two species.

We next systematically assessed the extent of m°A peak con-
servation on the gene level. Of the 4,513 identified mouse m°A peaks,
2,023 could be reliably mapped to an adequately expressed,
orthologous human position; 997 of them had an m°A peak in the
orthologous human position, representing 49% conservation. The
highest extent of conservation is found at the stop codon segment,
in which 57% of peaks are conserved, compared to 32-49% in other
segments. Conservation was also higher in internal exons longer than
400 nucleotides than in shorter ones (56% and 44%, respectively).

The extent of conservation between human and mouse, which is
highly significant over that which would be expected by chance
(P=3.7 X 10 "*%, Mann-Whitney test), is easily appreciated in the
examples presented (Fig. 3c and Supplementary Fig. 10), and signifies
that these sites are likely to be functional.

Methylation across conditions and cells

Accumulating evidence reveals that transfer RNA (tRNA) and ribo-
somal RNA (rRNA) modifications change in response to stimuli, sug-
gesting a general model of dynamic control over RNA modification®**.
By analogy, we reasoned that participation of m°A in active gene regu-
lation may manifest itself as altered methylation profiles in response to
changing cellular conditions or in a tissue-specific manner.

We put our hypothesis to the test by comparing the methylation
profiles of untreated HepG2 cells to those of cells exposed to ultra-
violet radiation, heat shock, hepatocyte growth factor (HGF; also
known as scatter factor (SF)), and interferon-y (Supplementary
Table 2). Remarkably, all samples exhibited a marked similarity of
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Figure 3 | m°A methylome conservation between human and mouse.

a, Sequence logo representing the deduced consensus motif following clustering
of all enriched motifs. b, Metagene profiles depicting sequence coverage in
windows surrounding the TSS (left) and stop codon (right). Colour codes are
the same as in panel Fig. 2a. The mouse stop codon segment is even more
enriched in m®A peaks than its human counterpart, with 39% of all peaks
located in this segment, corresponding to >3.5-fold enrichment over the
distribution expected by chance (P < 2.2 X 107°%, »* test). ¢, Orthologous
genes with conserved m®A peaks. Gene architecture is shown beneath. a.u.,
arbitrary units.
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m°®A profiles, with 70-95% peak positions typically shared between
conditions (Supplementary Fig. 11).

Nevertheless, we were able to detect a subset of treatment-dependent,
dynamically altered peaks (Fig. 4 and Supplementary Table 8). These
peaks did not correlate with absence of a proximal consensus motif. We
note that our stringent approach probably underestimates the amount
of differential m®A peaks, all the more as it is insensitive to the propor-
tion of methylated versions of a specific transcript.

We further examined tissue specificity and compared normal
human brain to HepG2 cells. The former recapitulated all the global
features of the m°A methylome initially identified in HepG2 (includ-
ing consensus motif and peak distribution along gene architecture) to
demonstrate that the characteristics of the methylome are not an
aberration of cancer tissues but rather a normal phenomenon
(Supplementary Note 2).

m°A affects RNA splicing

The function of m°A in RNA metabolism was next assessed by silencing
of METTL3 in HepG2 cells, as its depletion was already shown to
reduce the amount of m°A in the transcriptome*. METTL3 knockdown
resulted in apoptosis (Supplementary Fig. 12), as expected’. Reads
obtained from massively parallel sequencing of control (mock) and
knockdown RNA were aligned to the genome and differential gene
expression profiles were generated (Methods; Supplementary Table 4).
Of 1,977 differentially expressed genes, 1,218 contain mapped m°A
peaks. Downregulated genes were significantly enriched with genes
shown to have methylated introns (P = 1.3 X 10”7, hypergeometric
test; Supplementary Fig. 13).
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Figure 4 | Transcripts differing in methylation patterns under varying
growing conditions. Arrows point at the differential position. The stability of
the surrounding peaks underscores the authenticity of the changed peaks.
Interferon-y (IFN-v) upregulates epidermal growth factor receptor (EGFR)
RNA and protein levels**%, suggesting an association with absence of m°A
from the stop codon segment. PDE3A, phosphodiesterase 3A, cGMP inhibited;
UT, untreated.
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We reasoned that focusing on genes that were not differentially
expressed (fold change < 2) but whose constituent isoforms were
(fold change > 2), would help isolate a possible correlation between
m°A and isoform switching (between up- and downregulated iso-
forms). Indeed, methylated genes were overrepresented in this set
(459/543, P=7.9 X 10~ "%, hypergeometric test). Moreover, differ-
entially spliced exons and introns were themselves significantly
enriched with m®A peaks: 99/474 exons (P =4 X 10~ '°, hypergeo-
metric test) and 811/2,672 introns (P =1 X 10~ '%°, hypergeometric
test), further supporting a role for m°®A in splicing.

The salient findings revealed by METTL3 knockdown prompted us
to examine all m®A peaks in the HepG2 transcriptome through the
alternative splicing prism. Assigning peaks to either single- or multi-
isoform coding genes revealed that the former are relatively under-
methylated (6,489 and 11,946 peaks in 3,698 and 5,870 coding genes,
respectively; P = 5.6 X 10~, hypergeometric test). Accordingly, the
average number of m°A peaks per coding gene (1.93 peaks per gene)
was higher in multi-isoform genes (2.04 peaks per gene) than in
single-isoform ones (1.75 peaks per gene). Refining this observation
further, assignment of all m°A peaks to either constitutive or alterna-
tive spliced exons revealed that although 23.3% of coding exons are
constitutive, they are significantly under-represented among all
methylated sequences (10.9%, P <1 X 10 %, hypergeometric test;
Supplementary Fig. 14).

Interestingly, GO analysis of differentially expressed genes indi-
cated a noteworthy enrichment of the p53 signalling pathway (23
genes, corrected P=6.0 X 10 °): 22/23 genes had differentially
expressed splice variants, of which 18 were methylated. Moreover,
15 other members of the signalling pathway, which did not show
significant differential expression at the gene level, exhibited signifi-
cant differential expression at the isoform level (Supplementary Fig.
15a). For example, isoforms of MDMX (also known as MDM4),
needed for p53 inactivation®, were downregulated (Supplementary
Fig. 15b). Similar pro-apoptotic effects were observed in other key
genes belonging to this pathway (for example, MDM?2, FAS and BAX).
Modulation of p53 signalling through splicing may be relevant to
induction of apoptosis by silencing of METTL3.

Knockout of IME4, the yeast orthologue of METTL3, demonstrated
its important role in regulation of the developmental switch from
vegetative cells into gametogenesis, but failed to provide mechanistic
insight (Supplementary Fig. 16).

Binding of RNA -interacting proteins

Methylation of RNA may also affect binding of interacting proteins,
similar to recognition of 5-methylcytosine in DNA by specific binding
proteins that mediate its repressive effects*’. We observed an overlap
between known RNA sequence elements and newly identified m°A
peaks: several internal ribosome entry sites (IRES)??, the localization
“zip code’ of B-actin® and the destabilization element of c-Myc (also
known as MYC)*, all harbour methylation peaks (Supplementary
Fig. 2b, c and Supplementary Fig. 17).

An RNA affinity chromatography approach, using methylated and
control versions of an RNA bait followed by mass spectrometry, was
used to identify novel m°®A-binding proteins (Supplementary Fig. 18a).

Our analysis identified three RNA-binding proteins that may
mediate novel connections between m°A and cellular processes
(Supplementary Fig. 18b and Supplementary Table 5). Two YTH
(YT521-B homology) family proteins, YTHDF2 and YTHDF3, bound
exclusively to the methylated bait (Supplementary Fig. 18b, d). These
proteins contain a recently characterized RNA-binding domain
(YTH) that overlaps the methylated motif in our bait* (Supplemen-
tary Fig. 18¢). Interestingly, the only two characterized YT'H family
members, the human YT521-B (also known as YTHDCI) and the
fission yeast Mmil, were implicated in alternative splice site selection
and in specifying transcripts for nuclear degradation, respectively®**’.
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Another protein that was significantly associated with the m®A bait
was ELAVLI (also known as HUR)*® (Supplementary Fig. 18b, d).

Discussion

Lack of knowledge regarding the distribution of m°A in the transcrip-
tome was one of the major factors that limited understanding of its
role in RNA metabolism. m°A-seq provides a valuable tool to bridge
this gap and allows global mapping of the methylome to uncover
several of its fundamental properties. The human and mouse RNA
methylomes presented here reveal that RNA is non-randomly punc-
tuated by m°A throughout the body of most transcripts. We observe
that m®A sites are correlated with two distinct landmarks with telling
biological importance: around stop codons and within long internal
exons. The fact that this architectural pattern is also the most evolu-
tionary conserved feature of the RNA methylome indicates an ele-
mentary role for this modification.

The unique distribution of m°®A provides hints as to its functions. It
is unnecessary to assume one unifying principle behind this modi-
fication—m°®A can be involved in several cellular functions, similar to
inosine, the best-studied global RNA modification*. The discovery of
proteins that preferentially bind to methylated RNA raises the
possibility that they are involved in mediating its biological effects.

Methylation of long internal exons is suggestive of involvement in
splicing. Perhaps it reflects an auxiliary measure to alleviate the con-
straints imposed by larger exons on the exon-definition machinery***'.
The correlation of methylation with multi-isoform genes and differ-
entially spliced exons and introns indicates a role for m°A in splicing
control. In line with this hypothesis, METTL3 and FTO co-localize
with splicing proteins in nuclear speckles*', and the application of
methylation inhibitors to cells resulted in nuclear accumulation of
unspliced transcripts****. Integration of the methylation layer into
‘splicing codes’, such as that previously described*’, may improve the
predictive power of alternative splicing events.

Methylation in the vicinity of stop codons hints at the direction of
translational control. It is tempting to speculate that the presence of
m°A around this landmark affects translation efficiency, either
directly or through the recruitment of specific factors. Indeed, the
link between m°A and translational efficiency was previously demon-
strated in vitro*.

The dynamic regulation of nucleic-acid post-transcriptional mod-
ifications, analogous to post-translational protein modifications, is
just beginning to be elucidated®®. Here we provide initial evidence
for a change in m®A positions and frequencies in response to various
perturbations. Given the previously established non-stoichiometric
nature of this base modification® and existence of the FTO demethy-
lase', it seems reasonable to speculate a role for it as part of a global
cellular response to stimuli.

The m°®A methylome opens new avenues for correlating the methy-
lation layer with other processing levels. In many ways, this approach
is a forerunner, providing a reference and paving the way for the
uncovering of other RNA modifications, which together consti-
tute a new realm of biological regulation, recently termed RNA
epigenetics’.

METHODS SUMMARY

RNA was randomly fragmented and subjected to immunoprecipitation using an
anti-m°A antibody. Immunoprecipitated and input control samples were
sequenced using Illumina GAIIx. Using both in-house and MACS peak-calling
algorithms, regions enriched in immunoprecipitated relative to input samples
were identified as m°A peaks comprising the methylome. Motifs enriched around
mCA peaks were identified. Human and mouse methylomes were compared by
analysing methylation profiles of orthologous genes. METTL3 knockdown was
achieved by short interfering RNA (siRNA) transfection. Control and METTL3
knockdown samples were sequenced using Illumina GAIIx and subjected to
differential expression analyses. RNA affinity chromatography experiments were
carried out using two biotinylated RNA baits differing in a single m®A modifica-
tion and bound proteins were analysed by mass spectrometry (LC-MS/MS).
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Full Methods and any associated references are available in the online version of
the paper at www.nature.com/nature.
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METHODS

Tissues, cell lines and strains. Human hepatocellular carcinoma cell line,
HepG2, was maintained in DMEM (Gibco, Invitrogen) containing 4.5g1™"
glucose and L-glutamine supplemented with 10% FBS and penicillin/streptomycin.
Where indicated, HepG2 cells were incubated with IFN-y (200 ng ml ") or HGF
(10ng ml™") overnight. Stress effects were tested in HepG2 cells by either 30 min
incubation at 43 °C (heat shock) or ultraviolet irradiation of 0.04 ] cm™ 2 at 254 nm.
Cells were allowed to recover for 4 h in normal growing conditions before harvest-
ing using trypsin.
Yeast. Wild-type and ime44 mutant (created by conventional knockout protocols)
SK1 S. cerevisiae cells were grown vegetatively in YPD medium (yeast extract,
peptone, dextrose), and transferred to sporulation medium (1% potassium acetate)
for induction of sporulation for 4 h. RNA was purified from the cells using TRIzol
(Invitrogen) and glass beads, and hybridized to Affymetrix microarrays.
Experiments were conducted in biological replicates.
Microarrays. Biotinylated cDNA was prepared according to standard Affymetrix
protocol from 600 ng total RNA. After fragmentation, 10 ug of cRNA were
hybridized for 16 h at 45 °C on yeast 2.0 Genome Array. GeneChips were washed
and stained in the Affymetrix Fluidics Station 400. Feature intensity values from
scanned arrays were normalized and reduced to expression summaries using the
RMA algorithm. Control probes and probe sets with an interquartile range below
0.1 were removed.
RNA preparation. Total human brain RNA was purchased from Biochain. Total
RNA from HepG2 cell pellets was extracted using PerfectPure RNA cultured cell
kit (5 Prime). Total RNA of C57/BL6 mouse livers was extracted using
PerfectPure RNA tissue kit (5 Prime). To avoid DNA contaminations all samples
were treated with DNase (5 Prime).

Enrichment of polyadenylated RNA (polyA™ RNA) from total RNA was per-
formed using one round of GenElute mRNA miniprep kit (Sigma-Aldrich).

RNA samples were chemically fragmented into ~100-nucleotide-long frag-
ments by 5min incubation at 94 °C in fragmentation buffer (10 mM ZnCl,,
10 mM Tris-HCI, pH 7). The fragmentation reaction was stopped with 0.05 M
EDTA, followed by standard ethanol precipitation. Samples were resuspended in
H,0 at ~1 pgpl ™" concentration and subjected to m®A-seq.
m®A-seq. Fragmented RNA (400 ug mRNA or 2.5 mg total RNA) was incubated
for 2h at 4°C with 5pg of affinity purified anti-m°A polyclonal antibody
(Synaptic Systems) in IPP buffer (150 mM NaCl, 0.1% NP-40, 10 mM Tris-
HC, pH 7.4). The mixture was then immunoprecipitated by incubation with
protein-A beads (Repligen) at 4 °C for an additional 2 h. After extensive washing,
bound RNA was eluted from the beads with 0.5 mgml~" N°-methyladenosine
(Sigma-Aldrich) in IPP buffer, and ethanol precipitated. RNA was resuspended in
H,O and used for library generation with mRNA sequencing kit (Illumina).
Sequencing was carried out on Illumina Genome Analyzer (GAIIx) according
to the manufacturer’s instructions, using a 10 pM template per sample for cluster
generation, and genomic sequencing kit V2 (Illumina).
Gene silencing by siRNA. Scrambled control or siRNA directed against METTL3
(Invitrogen, 5'-AUAUCACAACAGAUCCACUGAGGUG-3') were transfected
into HepG2 cells using oligofectamine reagent (Invitrogen). Cells were re-
transfected after 48 and 96 h, and harvested on days 2, 5 and 7, to allow more
efficient METTL3 silencing. RNA purification and massively parallel sequencing
were performed as described above. The experiment was conducted in two bio-
logical replicates, generating ~55 and ~70 million reads in knockdown and
control respectively.
TUNEL assay. METTL3 knockdown and mock control cells were assayed for
apoptosis on day 7 using DeadEnd Fluorometric TUNEL System (Promega).
Nuclei were stained with DAPI (Sigma-Aldrich). Samples were immediately
visualized using LSM 510 confocal microscope (Zeiss).
RNA affinity chromatography, mass spectrometry and western blot analysis.
Two biotin-labelled RNA oligonucleotide baits spanning 42 nucleotides centred
on a previously characterized m®A site in the RSV genome were synthesized, only
one of which was N°-methylated: 5'-biotin-AUGGGCCGUUCAUCUGCUA
AAAGG-m°A- CUGCUUUUGGGGCUUGU-3" and 5’-biotin-AUGGGCCG
UUCAUCUGCUAAAAGGACUGCUUUUGGGGCUUGU-3". HepG2 cells
were harvested at 70-80% confluence, washed with PBS and lysed in lysis buffer
(10 mM NaCl, 2 mM EDTA,0.5% Triton X-100, 0.5 mM DTT, 10 mM Tris-HCI,
pH 7.5) containing complete protease inhibitor cocktail (Roche) and phosphatase
inhibitor cocktail 2 (Sigma-Aldrich). Lysates were separated from insoluble cell
debris by centrifugation (10,000g for 15 min at 4 °C) and pre-cleared for 1h at
4 °C by incubation with streptavidin-conjugated agarose beads (Sigma-Aldrich)
in binding buffer (150 mM KCl, 1.5 mM MgCl,, 0.05% (v/v) NP-40,0.5 mM DTT,
10 mM Tris-HCI pH 7.5). Biotinylated RNA baits (2 pg) were incubated with pre-
cleared cell lysates supplemented with 0.4 unitspul~' RNasin (Promega) for
30 min at room temperature followed by 2h incubation at 4 °C. The mixture
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was then added to streptavidin-conjugated agarose beads pre-blocked with
BSA (1%) and tRNA (50 pg ml ') for2h at4°C. RNA-protein complexes were
pulled-down and washed extensively. Samples were separated on 10% (w/v)
polyacrylamide Bis-Tris gels (Invitrogen) and stained with Imperial protein stain
(Thermo scientific). Proteins in gel slices were digested with trypsin and iden-
tified using LC-MS/MS by the Weizmann Institute’s Mass Spectrometry Unit.
Three independent biological replicates were performed. For western blot ana-
lyses samples were separated on 10% (w/v) polyacrylamide Bis-Tris gels
(Invitrogen) and transferred onto nitrocellulose membrane using iBlot gel trans-
fer system (Invitrogen) set to P3 for 8 min with iBlot gel transfer stacks
(Invitrogen). Membranes were blocked in 5% BSA, 0.05% Tween-20 in PBS for
1h, and then incubated overnight at 4 °C with anti-YTHDF2 or anti-ELAVLI
polyclonal antibody (Abcam) diluted 1:500 in 5% milk; anti-METTL3 (Abnova)
diluted 1:2,000; anti-actin (Epitomics) diluted 1:5,000. Proteins were visualized
using the SuperSignal West Pico Luminol/Enhancer solution (Thermo scientific).
Alignment of reads. Transcript-based analysis. Reference transcriptomes were
prepared based on the University of California, Santa Cruz (UCSC)
KnownCanonical tables in human (hg18) and mouse (mm?9) consisting of a single
representative transcript for each gene*’, and comprising 19,965 coding and 5,950
non-coding genes for human, and 20,437 and 6,739, respectively, for mouse.
Reads were first aligned against the relevant reference using Novoalign 2.07
(Novocraft Technologies SdnBhd; http://www.novocraft.com), discarding all
reads that were mapped to multiple genomic regions. The remaining reads were
realigned against the relevant transcriptome and reads that aligned less well to the
transcriptome than to the genome were also discarded. A strategy of iteratively
trimming two nucleotides from the end of the read and then realigning it was used
when a read did not align at its original length (-s 2 parameter). Trimming of
reads to a length shorter than 25 nucleotides (-1 25 parameter) was not allowed.
Additional parameters used for the indexing step were -k 14 -s 2’, and for the
alignment was -t 75.

Genome-based analysis. Reads were mapped to the human genome using
Bowtie® with ‘-best -strata’ parameters. Non-unique reads mapping to more than
ten locations were discarded from downstream analysis.

Calculation of coverage. Reads were artificially extended to a length of 100
nucleotides in the 5'-to-3" direction, to account for the average length of RNA
fragments, thus ensuring coverage of methylation sites residing outside the
sequenced 36-nucleotide stretch. The extended reads were used to generate gene
coverage maps summing the number of reads overlapping each nucleotide in
every gene. This approach relies on the narrow fragment size range (90-150
nucleotides, measured by Agilent Bioanalyzer). Analyses were limited to human
genes with at least 40 reads per 1,000 nucleotides, to avoid misinterpretations due
to insufficient coverage. Expression levels were evaluated by calculating the num-
ber of reads in each gene, and dividing the range into five bins.

Detection of m®A sites. Search for enriched peaks in the m°A immunoprecipita-
tion sample compared to the input control was performed by scanning each gene
using sliding windows of 100 nucleotides with 50 nucleotides overlap. The mean
coverage for each window was calculated for the immunoprecipitated and control
samples (MeanWinIP and MeanWinControl, respectively). Gene median cov-
erages for immunoprecipitation and input control were determined
(MedianGeneIP and MedianGeneControl, respectively) to robustly estimate
background levels. Every window was assigned the following unit-less metric,
representing the enrichment fold change of immunoprecipitated over input con-
trol samples after normalization by background.

MeanWinIP/MedianGenelP
MeanWinControl /MedianGeneControl

winscore = log, (

A robust estimation signal was ensured by setting a limit of mean window
coverage >20 for the immunoprecipitated sample. The FDR of this method
was estimated by comparing the number of enriched windows exceeding a set
threshold using this approach to the number that is obtained if the experiments
were computationally reversed with input being treated as immunoprecipitate
and vice versa. For a threshold of 2, corresponding to a fourfold increase with
respect to control, the FDR was <7%; thus, the winscore threshold was set to 2. All
overlapping enriched windows were merged and positions with maximal immu-
noprecipitate-positive and immunoprecipitate-negative coverage were identified.
If the distance between these two maxima was <100 nucleotides and the ratio
between the amplitude of these two maxima was less than twofold, a putative m°A
site was defined in the centre of these two maxima, and a score was allocated to
this peak, peakscore, corresponding to the maximal winscore from among all the
overlapping windows. When these conditions were not met, windows were
classified as non-resolved peaks and excluded from the analysis, to avoid PCR/
sequencing artefacts. The negative control peaks were detected as described
above: All windows with winscore <0 were selected. Control windows were
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selected from the same genes as the detected m®A peaks (limited to a mean
window coverage >20). All overlapping control windows matching these criteria
were merged and a negative control peak was defined in their centre.

For genome-based analysis, the peak-caller MACS*! was used for peak detec-
tion; the ‘effective genome size’ parameter was adjusted to the calculated tran-
scriptome size (1.35 X 10°). Peaks were considered if their MACS-assigned fold
change was >4 and individual FDR value <5%.

Assignment of m°A peaks into exons representing different splicing events.
m°A peak summits were intersected with a data set of genomic exon coordinates
belonging to ten splicing categories. A list of splicing event exons of all coding
Ensembl genes (version 63 hg19) was downloaded using the BioMart tool**. After
lifting over peak summits to hgl9 coordinates, they were intersected with the
downloaded splicing event list.

Identification and clustering of enriched motifs. In-house method for detecting
motifs using all identified peaks. Motifs enriched within m®A peaks compared
with control peaks were identified by counting the occurrence of 4-6-nucleotide
k-mers in the immunoprecipitate and its corresponding control group. The total
number of k-mers of each length within every group was counted and the ratio
between their prevalence was used to calculate the fold change between the two
groups. Exact Fisher test was used to evaluate the differences in the prevalence of
each k-mer between the groups. Analysis was limited to motifs enriched more
than twofold and with an associated Bonferonni-corrected P value < 0.05. Motifs
were clustered together, using the previously described approach®. To correct for
the underlying base composition we repeated these analyses using a second set of
control sequences based on randomly permuting the sequences of the m°A sites,
validating the significance of the found motif.

MEME search. MACS-identified peaks with FDR = 5% were sorted according
to their fold change. The top 1,000 peaks falling within known genes were chosen
for de novo motif analysis. 101-nucleotide-long sequences derived from the sense
strand and centred around the peak summit were used as input for MEME®*.
Conservation analysis. Human-mouse orthologous genes were identified based
on the mmBlastTab table, which is linked to the UCSC KnownCanonical table.
Orthologous sequences were then aligned using the Needleman-Wunsch global
alignment algorithm implemented in ‘needle’. Mouse and human m°A peaks
were identified between their start and end coordinates (see above) and projected
onto the alignment to enable the identification of conserved m°A peaks. The
distance of the intervals in human was limited to be >50% the length in mouse,
to ensure minimal sequence identity; sites not matching this criterion were dis-
carded. Analyses were limited to human genes with at least 40 reads per 1,000
nucleotides, to avoid misinterpretations due to insufficient coverage.
m°®A stability across experiments. To explore the stability of m°A peaks across
different experiments, the presence of each peak identified in a particular (ref-
erence) experiment was confirmed in the other (target) experiments. Conserved
peaks were defined as peaks existing in both experiments between matching
coordinates. Only peaks in genes with a mean expression exceeding 40 reads
per 1,000 nucleotides in the target experiment were considered, to guarantee
sufficient coverage. Borderline cases passing the threshold in one experiment
but not in the other were minimized by limiting the peaks in the reference
experiment to a peakscore of >3. For the analysis of differential peaks between
two experiments, we demanded that the peakscore be <0 in the target experiment
lacking the site, to ensure the presence of a peak in only one condition.
Secondary structure. RNAfold™ was used to assess secondary structures within
100-nucleotide sequences centred around the detected m°A and control peaks
with default parameters to calculate the minimum free energy (MFE) of the folded
sequence. Each sequence was also shuffled 50 times and MFE scores were calcu-
lated for those sequences as well. Sequences were then assigned a Z score, indi-
cative of the extent to which a sequence is more stably folded compared to the
shuffled controls.

Multi-layer differential expression analysis. For all differential expressed layers,
features were considered as differentially expressed only when fold change =2
and FDR = 5% using Benjamini-Hochberg multiple testing adjustment.

Differential expressed genes. RNA-seq reads were mapped to the human
genome (build hgl8) using TopHat 1.2.0 software®. The number of reads

mapped to each of the Ensembl genes (release 54) was counted using the
HTSeq python package®’, with the ‘union’ overlap resolution mode, and
-stranded = no. The R package DESeq v.1.5.24°® within the Bioconductor frame-
work was used for differential expression analysis.

Differentially expressed exons. The analysis was done using the R package
DEXSeq™ within the Bioconductor framework. The package provides a method
to systematically detect differential exon usage, that is, whether the proportion of
read from a given exon among all the reads that fall onto a gene is significantly
changed. The analysis was done in the following way. First, non-overlapping
exonic regions were defined using the ‘dexseq_prepare_annotation.py’ script
provided as part of the DEXseq package. Next the number of reads falling in
each of the defined exonic regions was counted using the DEXseq script
‘dexseq_count.py’ with parameters -a = 0 to include multi-reads mapped to dif-
ferent locations of the genome, and -stranded = no.

Differentially expressed introns. Non-overlapping intronic regions that also do
not overlap any exon on either strand were defined using an in-house script. The
number of reads falling in each of the defined regions was counted using a
modified version of the ‘dexseq_count.py’ DEXseq script, and differential
expression analysis was done using the DESeq Bioconductor package.
Differentially expressed transcripts. An Ensembl .gtf file of all human genes
(hg18 release 54) was re-processed using Cuffcompare v.1.0.3 to add the missing
tss_id and p_id attributes according to the user guide. The resulting .gtf annota-
tion file created by Cuffcompare was used as input to Cuffdiff v.1.0.3 tool together
with the fragment alignment files. Both Cuffcompare and Cuffdiff are part of the
Cufflinks package®.

Intersection between data sets. Intersection operations between genomic loca-
tions of differentially expressed features and the identified peaks were done using
BEDTools® and PeakAnalyzer software®”. Hypergeometric test was used for cal-
culating enrichment P values, unless stated otherwise.

Statistical analysis and graphics. All statistical analyses (unless stated otherwise)
were performed using the R package for Statistical Computing. Most of the
presented figures were produced using the ggplot2 package®. Sequence logos
were prepared using the SeqLogo package®.
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