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Phenotypic differences within populations and between closely related species are often driven by variation and evolution
of gene expression. However, most analyses have focused on the effects of genomic variation at cis-regulatory elements such
as promoters and enhancers that control transcriptional activity, and little is understood about the influence of post-tran-
scriptional processes on transcript evolution. Post-transcriptional modification of RNA by Né-methyladenosine (méA) has
been shown to be widespread throughout the transcriptome, and this reversible mark can affect transcript stability and
translation dynamics. Here we analyze méA mRNA modifications in lymphoblastoid cell lines (LCLs) from human, chim-
panzee and rhesus, and we identify patterns of m®A evolution among species. We find that m®A evolution occurs in parallel
with evolution of consensus RNA sequence motifs known to be associated with the enzymatic complexes that regulate m®A
dynamics, and expression evolution of méA-modified genes occurs in parallel with m®A evolution.

[Supplemental material is available for this article.]

Gene expression differences tuned by regulatory changes are con-
sidered to be a major contributor to phenotypic differences be-
tween closely related species (King and Wilson 1975; Romero
et al. 2012; Villar et al. 2014). The majority of effort in decipher-
ing the basis for gene expression evolution has focused on identi-
fication of cis-acting genomic regulatory elements and trans-
acting regulatory factors that drive differences between species
and populations (Schmidt et al. 2010; Zheng et al. 2010; He
et al. 2011; Ni et al. 2012; McVicker et al. 2013; Arnold et al.
2014; Villar et al. 2015). Largely unexplored is whether gene reg-
ulation has also differentiated at the post-transcriptional level
during evolution and what impact if any that may have on
gene expression. As the most prevalent post-transcriptional
mRNA modification, the biochemistry and molecular genetics
of Né-methyladenosine (m®A) RNA transcript modification have
been heavily investigated because of its ubiquity among eukary-
otes (Desrosiers et al. 1974; Dominissini et al. 2012; Meyer et al.
2012; Batista et al. 2014; Luo et al. 2014), its reversible nature
(Jia et al. 2011; Zheng et al. 2013; Liu et al. 2014), its effect on
mRNA lifetime and translation efficiency (Wang et al. 2014,
2015), and its role in the regulation of key regulators of biological
pathways and human disease (Fustin et al. 2013; Schwartz et al.
2013; Batista et al. 2014). Previous studies also investigated
the conservation of the m°A methylome between human and
mouse (Dominissini et al. 2012; Chen et al. 2015), and within
Arabidopsis (Luo et al. 2014). Yet virtually nothing is known about
the evolutionary or population dynamics of this important post-
transcriptional modification.
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To explore whether evolutionary forces shape gene regulation
through mCA at the post-transcriptional level, we mapped the
landscape of m°A modifications across the transcriptome of lym-
phoblastoid cell lines (LCLs) derived from human, chimpanzee,
and rhesus.

Results

Comparisons on human, chimpanzee, and rhesus m°A
modification

We performed m°®A-seq (Dominissini et al. 2012) on LCLs from
three human individuals, two chimpanzee individuals, and three
rhesus individuals. For each cell line, we performed at least five bi-
ological replicates in order to generate accurate estimates of m°®A
modification levels for transcripts from each genomic locus
(Supplemental Fig. S1). m®A peaks were identified in each individ-
ual using a peak calling approach modified from Dominissini et al.
(2012) (see Methods). For each individual, all biological replicates
of m®A immunoprecipitation (IP) and the matched input were fit
using a negative binomial model to identify significantly enriched
windows (see Methods). On average, we found 13,492 m°A peaks
(FDR<1%) in human LCLs (Supplemental Tables S1-S3), with
9422 (70.0% + 5.0%) peaks shared between at least two human
LCLs and 7761 (57.7% + 3.9%) peaks identified across all three hu-
man LCLs (Table 1). As a control, we examined the variation with-
in replicate experiments from the same human individual and
found that 95.3%+3.3% of m°A peaks were shared between
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Table 1. Intraspecies m°A peaks comparison

No. of m°A Shared by
LCL identifier peaks Shared by two three
H1 (GM12878) 12,847 9422 (70.0% + 7761 (57.7%
H2 (GM19193) 14,584 5.0%) +3.9%)
H3 (GM19238) 13,045
C1 (5005235) 11,577 8080 (73.7%) —
C2 (S003659) 10,420

R1 (th29700) 8463
R2 (rh31096) 9627
R3 (th31801) 8106

6079 (69.9% +
510%)

5202 (58.4%
+5.1%)

mOA peaks were identified from each individual across the three species.
Estimations of the number of shared peaks within a species were calcu-
lated by parsing all possible pairs of individuals. The mean and standard
deviation of the percentage of shared peaks from each individual were
noted. The chimpanzee was devoid of “shared by three” analysis
because only two individuals in this species were used in this study.

replicates. At the gene transcript level, 6584 human genes ex-
pressed m°A-modified transcripts, accounting for an average of ap-
proximately two m°A peaks within transcription units from each
gene (Supplemental Fig. S2). Among these transcription units,
4621 (70.2%) were m°A-modified in all three human LCLs.
About 10,999 chimpanzee (Supplemental Tables S4, S5) and
8732 rhesus (Supplemental Tables S6-S8) m®A peaks were identi-
fied (Table 1). The reduced number of m°®A peaks in rhesus appears
to result from incomplete annotation of gene structure, especially
in untranslated regions (UTRs) (Supplemental Fig. S3).

To enable interspecies comparison, orthologous regions ex-
pressed from the three genomes were analyzed for m°A peaks
(see Methods). In total, 7763 human peaks and their counterparts
in chimpanzee and rhesus were used in the interspecies compari-
son. The number of shared m®A peaks corresponds with the diver-
gence time between human and the other two species (Fig. 1). We
found that 4918 (63.4% + 4.1%) of human m°®A peaks were shared

A Percentage of human peaks
0 20 40 60

with chimpanzee, 3946 (50.9% + 2.8%) were shared with rhesus,
and 3158 (40.7% + 2.4%) were shared in all three species (Fig. 1).
In summary, these data indicate that a considerable fraction of
mP°A-modified peaks are conserved within and between species
and thus are amenable to quantitative analysis for evolutionary
patterns of change.

The evolution of m®A modification in primates

To investigate evolutionary modes of m®A modification, we classi-
fied m®A peaks according to patterns of their intra- and interspe-
cies variation. In the absence of a background model for neutral
patterns of m®A evolution, it is challenging to define which m°®A
modifications are under natural selection. However, an empirical
model-free statistical test allows the identification of m°A modifi-
cations that follow patterns consistent with stabilizing selection
or with directional selection (Gilad et al. 2006; Romero et al.
2012). We reasoned that m®A modifications under stabilizing se-
lection should have constant m°A levels both within and between
species, while those under directional selection in human should
have significant lineage-specific elevated or reduced m°A levels
in human but constant levels between chimpanzee and rhesus.
For each m°A peak, one-way ANOVA was applied to estimate intra-
species variation between individuals (see Methods). To perform
interspecies comparison, enrichment scores of m°A peaks were
fitted by a mixed effects model in which species was considered
as the fixed effect and individuals within species were considered
as random effects. Maximum likelihood (ML) was used to estimate
parameters, and hypothesis testing was performed to infer
differences between species (see Methods). In total, 2861 m°A
peaks (Supplemental Table S9) were conserved at orthologous po-
sitions within and between species, displaying stability of m°®A
modification for at least ~30 Myr of evolution (Table 2). By using
rhesus as an out-group, we also identified 320 instances of m°A
gain (Supplemental Table S10) and 30 instances of m°A loss in
the human lineage (see discussion below) (Table 2; Supplemental

(3946)

40.7%42.4%
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50.9%+2.8%

B
80 (%)
1
H
70.5%:5% T
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Figure 1. Interspecies m®A peaks comparison. (4) We compared the m®A peaks and plotted the percentage of the shared peaks between individuals (H-
H, H-C, H-R, and H-C-R) by parsing all possible combinations. The mean was plotted as the bars; error bar, SD. The “Human—Human” bar was plotted as a
reference of zero diverged time to human. From the top to the bottom: pairwise comparison between two human individuals, pairwise comparison between
human and chimpanzee (4918 peaks), pairwise comparison between human and rhesus (3946 peaks), and three-way comparison across human, chim-

panzee, and rhesus (3158 peaks). (B) Divergence time between species.
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Table 2. The number of m®A peaks with different evolutionary patterns

With GGACU

m°®A peaks H C R Ko/ K; NI
Conserved 2861 35.1% (1004) 34.5% (986) 34.5% (987) 0.41 2.20
Human gain 320 28.4% (91) 25.6% (82) 24.7% (79) 4.82 0.58
Human loss 30 26.7% (8) 26.7% (8) 36.7% (11) — —

H, C, and R represent human, chimpanzee, and rhesus species, respectively. The Ki,/K; and NI (neutrality index, McDonald-Kreitman test) were calculat-
ed as a measure of the type of selection acting on motif sequences. The calculations of K,/k; and NI were devoid from the human loss group because
there was no substitution found in motif regions in the limited number of peaks.

Table S11). Examples of mO®A conservation among species, as
well as m°A gain or loss in the human lineage, are shown in
Figure 2, A and B.

The selective constraints of DNA sequences correspond
to m®A conservation

The conservation of m°A modifications across species does not
necessarily mean that the modifications are under purifying selec-
tion, as shared ancestry could also lead to conservation. However,
we are able to determine whether m°®A evolution mirrors the pat-
terns of gene-level sequence evolutionary constraints. To deter-
mine whether conserved m°A modifications are associated with
genes under selective constraints at the sequence level, we incor-
porated the data from ExAC (Exome Aggregation Consortium),
in which they designed a sophisticated statistical framework to in-
fer selective constraint of genes (see Methods) (Samocha et al.
2014). We split the human m®A-modified genes from our study
into four groups according to the sequence selective constraints
defined by EXAC (from low to high) (Fig. 2C, four yellow bars)
and observed an increase in the percentage of transcripts bearing
conserved m°A modifications. Genome-wide, 34.0% of human
genes with m°®A-modified transcripts (and with chimp and rhesus
orthologs) show m°A conservation. When we considered a set of
genes defined by EXAC as under minimal constraints, we found
that 25.8% show such conservation of m®A modifications on their
corresponding transcripts. Conversely, in the most highly con-
strained gene set defined by EXAC, 45.4% show m°A conservation
on their corresponding transcripts. These results indicate that con-
servation or divergence of exon sequences broadly correspond, re-
spectively, to conservation or divergence of m°A.

However, this relationship is likely to be driven by specific se-
quence elements and not broad patterns of exon variation and
evolution. Indeed, specific RNA sequence motifs are known to be
associated with m°A in the human transcriptome (Dominissini
et al. 2012; Meyer et al. 2012), and these motifs have been shown
to be responsible for binding of proteins associated with m®A mod-
ification (Jia et al. 2011; Wang et al. 2014, 2015). Motif analysis of
our experimental results demonstrated a consistent set of m°A
consensus sequences in all three species, including the previously
reported RRACH motif (particularly GGACU) (Dominissini et al.
2012; Meyer et al. 2012) that emerged as the most statistically sig-
nificant motif for all three species. This motif was present in
48.5%, 65.6%, and 60.5% m°A peaks in human, chimpanzee,
and rhesus, respectively (Supplemental Fig. S4). The representa-
tion and significance level of the top motif are far better than
the secondary and tertiary motifs, although these motifs may be
biologically significant as well.

Given the strong conservation of this consensus motif
across species in this study and in previous studies (Dominissini
et al. 2012; Meyer et al. 2012), we considered whether the evolu-
tion of m°®A modifications are associated with changes in this mo-
tif at the nucleotide sequence level. We compared different
evolutionary modes for the occurrence of GGACU (encoded as
GGACT in the genomic DNA sequence). For the 2861 evolutionari-
ly stable peaks, the frequency of motif occurrences in orthologous
sequences from all three species was ~35% (Table 2). However,
for the 320 m®A peaks gained in human, the motif occurrence in
associated orthologous sequences in all three species was reduced
to 25%-28%. There were only 30 cases of human m°A loss, which
involved similar absolute numbers (between eight and 11) of mo-
tifs found in orthologous sequences from the three species. Thus,
at least for the previously identified and most significant m°®A-as-
sociated motif, we observed a higher level of conservation for
the motif when m°®A marks were conserved among species and a
lower level of conservation for the motif when m®A marks had
evolved.

To test whether evolution of m®A corresponds to patterns of
selection at the motif sequences, we devised an analogy of the
K. /K test for positive selection on m®A peaks at the DNA sequence
level (see Methods) (Nei and Gojobori 1986, Hahn et al. 2004).
Positions in GGACT consensus sequences in the genome were con-
sidered equivalent to nonsynonymous sites, and positions in
flanking nonmotif regions (from the nonmotif base to the peak
boundary) were considered equivalent to synonymous sites. We
measured the ratio of substitution per site within the motif (Ky)
to the substitution per site within nonmotif regions (K;) and
used the rhesus as an out-group to test the fixed differences within
motifs relative to nonmotifs (Hahn et al. 2004) (Table 2). m°A
peaks gained in humans showed a Kp/K; ratio of 4.82 (P=0.012,
Fisher’s exact test), indicating that positive selection may have
acted on m°®A modifications newly acquired in the human lineage.
The Kp/K; ratio is less than one in the conserved peaks (Kp/K;=0.41,
P=0.072, Fisher’s exact test).

As a control, we considered the K/K; ratio of the human-
gained GGACT motifs and surrounding sequences in nontran-
scribed regions where GGACT motifs presumably have no role in
facilitating m°A modifications, and we found that K,/K;=1.02
(see Methods), consistent with the theoretical ratio of 1.0 for neu-
trality. Thus, the ratio of the human-gained m°®A peaks in tran-
scribed portions of the genome significantly deviated from the
neutral expectation. These results were confirmed by the
McDonald-Kreitman test using the human polymorphism data
from the dbSNP database (see Methods) (McDonald and
Kreitman 1991; Sherry et al. 2001). The neutrality indexes (NIs)
in “human gain” and “conserved” m°®A peaks were 0.58 and 2.2,
respectively, indicating positive selection on “human gain” peaks
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Figure 2. The evolution of m®A modification. (4) The top five genes from the groups of “conserved,” “human gain,” and “human loss” are presented as
examples. The m®A signals in the “conserved” group show low variation both within and between species, following the pattern of stabilizing selection. The
“human gain” and “human loss” represent m°A modifications specifically changed in human lineage, which follow the pattern of directional selection.
Data points from all biological replicates were included. The m®A signals of each biological replicate from chimpanzee and rhesus were normalized to
the mean of enrichment score of all human experiments, and the log, ratio was plotted in the y-axis to represent differential m®A signals between species.
For each gene, from left to right represented human, chimpanzee, and rhesus. (B) m®A-IP and input signals were plotted. We chose one example from each
of the three categories. Signals on the transcripts of ADAR (adenosine deaminase, RNA-specific), ATM (ATM serine/threonine kinase), and IKBKAP (inhibitor
of kappa light polypeptide gene enhancer in B cells, kinase complex-associated protein) represent “conserved,” “human gain,” and “human loss,” respec-
tively. Red represents m°A-IP signal; gray, input. From the top to the bottom: gene structure (wider rectangle indicates exon; narrow rectangle, UTR; red bar,
exon boundary; blue dot, GGACT motif), human signal, chimpanzee signal, and rhesus signal. (C) Human m®A-modified genes were split into different
groups according to the selective constraint defined in the EXAC (Exome Aggregation Consortium) data (see Methods). With the increase of selective con-
straint, we observed the increased percentage of conserved m°A modifications. (Four yellow bars) Q1, Q2, and Q3 represented the quartiles of Z-scores
defined by EXAC; the lower the Z-scores, the less the selective constraint. (Gray bar) Genome average (N = 5940). (Two green bars) The minimal constrained
genes (N=296) and the most constrained genes (N =780).

and purifying selection on “conserved” peaks. Thus, selection on
GGACT motifs in m°A modification peaks appears to be associated
with the evolution of m°A modifications between species.

The evolution of m®A modification is reflected in the evolution
of mRNA abundance

Because m°A has recently been recognized as an important modu-
lator of mRNA post-transcriptional regulation (Dominissini et al.
2012; Meyer et al. 2012; Wang et al. 2014, 2015), we investigated
the extent to which evolution of m®A modification is reflected
in the evolution of mRNA abundance among species. Indeed, we
find that m®A divergence is correlated with expression divergence
of mRNA transcripts. Transcripts with evolved m®A modification
show significant expression divergence compared with transcripts
with conserved m®A modifications (Fig. 3A). To investigate how
m®A modification evolution relates to gene expression evolution,

we compared the expression levels of orthologous transcripts
with either conserved or diverged m°A modification. Notably,
we observed that transcripts that have gained m®A modification
in the human lineage are generally more highly expressed in hu-
mans compared with the other two species, while transcripts
that have lost m°A modifications show mostly reduced expression
in human (Fig. 3B; Supplemental Fig. S5). Additionally, ortholo-
gous genes with conserved m°A modifications show comparative-
ly less expression divergence and similar numbers of slightly up-
and down-regulated genes. These trends also hold true in the
chimpanzee-centric analysis (Supplemental Fig. S6). Consistent
with this result, when intraspecies expression variation in human
was examined, individual-specific m°A modifications were more
likely to associate with the elevated mRNA expression level
(Supplemental Fig. S7). To verify that the positive correlation be-
tween mRNA change and m°A change does not result from an ar-
tifact of detecting m®A modification from genes with different

388 Genome Research
www.genome.org


http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.212563.116/-/DC1
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.212563.116/-/DC1
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.212563.116/-/DC1
http://genome.cshlp.org/
http://www.cshlpress.com

Downloaded from genome.cshlp.org on February 26, 2022 - Published by Cold Spring Harbor Laboratory Press

méA, post-transcriptional evolution

B Conserved
- B Human Gain
o 7| B Human Loss
o ]
o
ok
s S
] o j
o "
c "
3] '
F :
S !
S o _| i
c
5§ ° :
0 i
@ '
< '
o i
£ "
] ~ | ,
o
e
o
o | —_— —
=]
B Conserved
B Human Gain
B Human Loss
o~
_— < T
]
B
=
2
o
=
B oo
-

Human/Chimpanzee

Figure 3. m°A evolution and gene expression divergence. (A) The expression divergence of m°A-mod-
ified orthologous genes were plotted along the y-axis. These values were calculated from the coefficient
of variation of log, transformed individual FPKMs. The Wilcoxon test was performed to calculate signifi-
cant level of statistical differences between “conserved” and the other groups: (***) P< 1 078, (*)P<1072.
(B) The expression change of orthologous genes was plotted against groups of m°A-modified genes.
The “conserved” group has a similar number of up- and down-regulated genes. Human gain m°®A-
modified genes demonstrated more genes up-regulated compared with chimpanzee and rhesus ortho-
logs, while human loss genes showed more genes were down-regulated. (Left) Human compared to
chimpanzee; (right) human compared to rhesus. Conserved, N=2118; human gain, N=250; and hu-

man loss, N=30.

expression levels, we devised a control analysis for the ability to
detect m®A at different expression levels. We examined genes
that carry both shared and individual-specific m°A between hu-
man individuals, and we also used a FPKM filter to exclude lower
expressed genes (Supplemental Fig. S8). In this case, the positive
correlation is still observed. Taken together, these results indicate
a positive correlation between the evolution of m°®A modification
and the evolution of m°A-modified mRNA abundance. m°A
modification and mRNA abundance appear to evolve in the
same direction, with evolutionary gain of m®A corresponding to
the evolution of higher mRNA levels.

Human/Rhesus

Discussion

Comparison of m°A modification in
multiple species allowed us to examine
the evolutionary mode of post-transcrip-
tional regulation in primates. We identi-
fied sets of m®A modification that are
consistent with patterns of stabilizing
or directional selection. Signals of selec-
tion were also identified at the DNA se-
quence level for m°®A-modified peaks,
particularly in the GGACT consensus se-
quences. When we directly compared the
change of m°A levels to the change of
mRNA expression between species, we
found that elevated gene expression evo-
lution is correlated with evolutionary
gains of m°A signal. Although the mark
itself mediates accelerated translation
and decay of mRNA in specific systems
where gain of m°A is associated with in-
creased mRNA turnover (Wang et al.
2014, 2015), m®A modification evolution
and gene expression evolution appear to
track one another. This positive correla-
tion also holds true between the tran-
p scripts from two different individuals
: within a species (Supplemental Fig. S7).
When testing this hypothesis usingan in-
dependent public data set performed in
HeLa cells (Liu et al. 2014), we found
that upon METTL3 and WTAP knock-
down, there is a slight but statistically
significant down-regulation of the tar-
geted genes, which is consistent with
the pattern observed in our study
(SiIMETTL3 P=0.00107; siWTAP P=
0.0185; sSiMETTL14 P=0.992; one-sided
Wilcoxon rank-sum test). However, we
did not observe a global correlation when
directly comparing the m®A enrichment
score to the mRNA levels transcriptome-
wide (the correlation between the m°A
enrichment score and mRNA abundance
in human transcripts carrying mCA
modification is —0.09). Considering that
transcript levels are impacted by multiple
regulatory mechanisms, perhaps this is
not surprising. We propose that the evo-
lutionary patterns we observe—increased
modification level along with the up-reg-
ulation of the transcripts—provide a wider dynamic range for the
control of mRNA turnover and protein production. Additional
functional studies to determine the cell biological and biochemical
role of m®A modification will be needed to gain additional insights
regarding the effect the evolution of these post-transcriptional
modifications have on the relationship between genotype and
phenotype.

We found that the gain of m°A peaks in the human lineage
showed a strong enrichment in protein coding sequences com-
pared with “conserved” m®A peaks and the well-known m°A topol-
ogy (Supplemental Fig. S9a); we also noticed an enrichment of
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mOA peaks in 5’ UTR and start codons when plotting peak density
along the human transcript (Supplemental Figs. S9b, $10). These
observations imply that m°A deposited in those regions may
have functional significance, which has not been widely appreci-
ated previously. Consistent with this idea, a recent study reported
that the 5 UTR m®A modification could promote cap-independent
translation initiation, which served as a selective mRNA transla-
tion mechanism (Meyer et al. 2015; Zhou et al. 2015). Together,
the results associated with the evolutionary pattern of m°A modi-
fications we have observed in this study add a post-transcriptional
dimension to the hypothesis that regulatory changes largely con-
tributed to phenotypic differences between closely related species.

Methods

LCL cell culture and m®A-seq library preparation

The human and chimpanzee LCLs were ordered from Coriell
(https://www.coriell.org), and three rhesus LCLs were kindly
provided by Dr. Eric Vallender from the New England Primate
Research Center. In total, three human LCLs (GM12878,
GM19193, GM19238), two chimpanzee LCLs (5005235,
S003659), and three rhesus LCLs (th29700, rh31096, rh31801)
were used in this study. All LCLs were derived from adult females.
LCLs were cultured in RPMI1640 media (Life Technologies no.
11875-085) with 15% FBS (Life Technologies no. 16000-044) and
penicillin-streptomycin (Life Technologies no. 15140-122). Fifty
million cells were harvested for each m°A-seq experiment, and
six biological replicates were performed for each individual.

The m°A IP experiment was performed following the method
of Dominissini et al. (2012, 2013). Total RNA was extracted from
about 50 million cells (SPRIME no. 2302340) and followed by
poly(A) mRNA purification (Life no. K1580-01). mRNA was frag-
mented into ~100 nt by heating to 70°C for 10 min in fragmen-
tation buffer (100 mM Tris-HCI at pH 7.4, 100 mM ZnCl,). The
fragmented mRNA was purified by EtOH precipitation. For each
sample, an equal amount of mRNA was retained from each biolog-
ical replicate and an aliquot of pooled replicates served as input.
m°A antibody was purchased from Synaptic Systems (no.
202003, lot 42). Each IP reaction is composed of 2-5 ug mRNA,
200 U RNasin (Promega no. N2516), 1x IP buffer (50 mM Tris-
HCI at pH 7.4, 750 mM NaCl, 0.5% NP-40 [Thermo Scientific
no. 28324]), and 10 pg m°A antibody in 500 pL final volume.
The IP product was eluted with 1x elution buffer (1x IP Buffer,
6.7 mM m°A [Sigma no. M2780], and RNasin), and recovered by
EtOH precipitation. About 50 ng input mRNA and 50-100 ng IP-
ed mRNA were subjected to NGS library preparation using the
TueSeq mRNA stranded kit (Illumina no. RS-122-2101/2), with
11 PCR cycles to enrich fragments while minimizing PCR dupli-
cates. The libraries were sequenced on the Illumina HiSeq2000/
2500 platform (50-bp single-end) at the Institute of Genomics
and Systems Biology’s (IGSB) high-throughput genome analysis
core at the University of Chicago.

RNA-seq data processing and méA peak calling

Sequencing reads were aligned to the reference genome (human:
hg38; chimpanzee: panTro4; rhesus: rheMac2) using TopHat
(v2.0.14) (Kim et al. 2013). If one read could be mapped to multiple
locations, a random location will be chosen. Gene structure anno-
tations were downloaded from UCSC hg38 RefSeq (human) and
Ensembl release 76 (chimpanzee and rhesus). In total, 25 million
mappable reads were sampled from each IP and input experiment.
The longest isoform was used if multiple isoforms were detected.
Aligned reads were extended to 100 bp (average fragments size)

and converted from genome-based coordinates to isoform-based
coordinates in order to eliminate the interference from intron in
peak calling.

The peak calling method was modified from Dominissini
etal. (2012). To call m®A peaks, the longest isoform of each human
gene was scanned using a 100-bp sliding window with 10-bp steps.
To reduce bias from potential inaccurate gene structure annotation
and the arbitrary usage of the longest isoform, windows with reads
counts less than 1/20 of the top window in both m°®A-IP and input
sample were excluded. For each gene, the reads count in each win-
dow was normalized by the median count of all windows of that
gene. A negative binomial model was used to identify the differen-
tial windows between IP and input samples by using the edgeR
package (Robinson et al. 2010), combining information from all
replicates in the two groups. The window was called as positive if
the FDR< 1% and logy(enrichment score) > 1. Overlapping posi-
tive windows were merged. The following four numbers were cal-
culated to obtain the enrichment score of each peak (or window):
reads count of the IP sample in the current peak/window (a), me-
dian read count of the IP sample in all 100-bp windows on the cur-
rent mRNA (b), read count of the input sample in the current peak/
window (c), and median read count of the input sample in all 100-
bp windows on the current mRNA (d). The enrichment score of
each window was calculated as (a x d)/(b x ¢).

Orthologous peak mapping

We downloaded the orthologous gene table from Ensembl (release
76). BLAT (Kent 2002) was used to align the homologous regions in
orthologous genes. An m°A peak was mapped from one species to
another if more than half the length of the peak in the original ge-
nome can be mapped to the new genome; this ensured sequence
similarity. If one peak has more than one orthologous peak, the
counterpart with the highest enrichment score was chosen. Only
peaks successfully mapped to other species were considered in in-
terspecies analysis.

Estimating méA divergence within and between species

Interspecies m®A divergences were estimated both qualitatively
and quantitatively.

Qualitative comparison was based on m°A peak overlap. Pair-
wise comparison using all possible pairs between individuals from
two species was used to calculate mean and standard deviation.

To perform quantitative estimation, we applied a linear
mixed model with a fixed factor for species and a random factor
for individuals within species:

Vik = ko + i + Bjgy + &ijks

where y;; is the logz(enrichment score) of one m°®A peak measured
in species i for replicate k of individual j. The term p represents the
overall mean, o; is the effect of species i, B;;; is the random effect of
individualjin species i and B;; ~ N(O, 0'123), e is the residual compo-
nent, and £ ~ N(O, a%). The parameters were estimated via ML us-
ing R package nlme (http://cran.r-project.org/web/packages/nlme/
index.html).
The null hypothesis is

Hy(A) : ag = ac = ag = 0 (no difference between species),

where H, C, and R represent human, chimpanzee, and rhesus,
respectively.

An interspecies differential m®A peak will be called if (1) the
null hypothesis is rejected (P < 0.05); (2) the difference of enrich-
ment scores between samples was >50% (1.5-fold).
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méA, post-transcriptional evolution

Intraspecies m®A peak divergence was estimated using a
similar approach. Qualitative estimation was based on peak over-
lap between possible pairs of individuals. One-way ANOVA was ap-
plied to estimate a quantitative difference in interspecies variation
between individuals that pass an equal variance test (P> 0.05).
Otherwise, the nonparametric Kruskal-Wallis test was used.
Quantitatively different peaks were called when the null hypothe-
sis was rejected (P <0.05) and the difference of enrichment scores
between samples was >50% (1.5-fold).

Identification of m®A evolutionary mode

By using rhesus as an out-group, m°A peaks were categorized into
“conserved,” “human gain,” and “human loss,” which represent
candidates of m°A that are under stabilizing selection or direc-
tional selection. We combined intra- and interspecies divergence
estimations and set criteria as described below:

An evolutionarily conserved m°A peak must meet the follow-
ing criteria: (1) Orthologous peaks were called in all three species;
(2) the peaks are not quantitatively different among the species
(human, chimpanzee, and rhesus); (3) the peaks are not quantita-
tively different among individuals in each species. All peaks pass
the above criteria were ranked by the standard deviation of all sam-
ples, from small to large.

A human-specific m°A peak (human gain) must meet
the following criteria: (1) No orthologous peaks were identified
in either chimpanzee or rhesus; (2) the peaks are quantitatively
different in human versus chimpanzee and in human versus rhe-
sus, but not different in chimpanzees versus rhesus; and (3) the
peaks are not quantitatively different among human individuals.
Similarly, a human loss m°A peak meets the following criteria:
(1) Orthologous peaks were called in both chimpanzee and rhesus,
but not in human; (2) the peaks are quantitatively different in hu-
man versus chimpanzee and in human versus rhesus, but not in
chimpanzee versus rhesus; and (3) the peaks are not quantitatively
different among chimpanzee individuals and among rhesus indi-
viduals. All peaks that passed the above criteria were ranked by
the ratio of interspecies-to-intraspecies mean squared, from large
to small. The chimpanzee and rhesus were considered as one spe-
cies during the mean square calculation, since the m°A in those
two nonhuman species is considered as conserved in this case.
Peaks we call “chimpanzee gain” and “chimpanzee loss” were de-
fined in the same way.

Analysis of negative selection on méA modification

Gene constraint data was downloaded from ExAC (release 0.3)
(Samocha et al. 2014). They used the 1000 Genomes Project
data and the chimpanzee genome to infer intraspecies genetic
variation and designed a sophisticated statistical framework to in-
fer selective constraint according to the observed and expected
variants in a gene-based analysis. A Z-score was assigned to
each gene to represent the y* deviation of observation from
expectation. Genes were split into four groups using the 25th
percentile, 50th percentile, and 75th percentile of the Z-score
and were further refined by (1) chimpanzee and rhesus orthologs
and (2) the transcript carrying m®A modification. Then the
percentage of the genes with conserved m°A modification on
their transcripts was calculated. The same percentage was also
calculated for the three groups of genes filtered by the same
two criteria described above: the minimal constrained genes
(-0.1<Z<0.1; N=296), genome average (all genes except the
“minimal constrained genes”; N=5940), and the most con-
strained genes (Z>3.09; N=780).

Motif analysis and selection on motif sequences

HOMER (Heinz et al. 2010) was used to search for motifs in each set
of m°A peaks. The longest isoform of all genes was used as back-
ground. In order to reveal the natural selection acting on sequenc-
es of m°A peaks, the substitutions inside the GGACT motif were
considered as nonsynonymous mutations (K,) and the substitu-
tions in the nonmotif region of that peak (K;) were considered as
synonymous mutations. The concept of this analysis is an analog
to the calculation of nonsynonymous substitution rate (K,) and
synonymous substitution rate (Kj) in the coding region. Multiple
sequence alignments were performed, and the sequences of rhesus
were used as an out-group to infer DNA substitutions in the human
lineage. The substitution rates in the GGACT motif (K;,) and the
nonmotif region (K;) were calculated. The Fisher’s exact test was
used to test for an excess of differences in motif region relative to
nonmotif region or vice versa. Since many m°®A peaks were located
around the boundary of a stop codon, we performed the same
analysis on all peaks and peaks that did not overlap with CDS to
avoid potential effects from CDS regions (sequences in CDS re-
gions are usually under more purifying selection). Both analyses
demonstrated the same conclusion, and the results of excluding
CDS-peaks were presented in the main text and Table 2. To estab-
lish a neutral background, we did the same K/K; calculation for
the “human gain” GGACT in noncoding and nontranscribed re-
gions and its surrounding sequences. Surrounding sequences
were set as +50 bp from the GGACT motif sequence. The
McDonald-Kreitman test was also applied to detect selection on
m°A peaks and verify results from the Kp/K; test. Common SNPs
(minor allele frequency >1%) were downloaded from the NCBI
dbSNP database (Sherry et al. 2001) to estimate the polymorphism
in these peaks. Similar to the way we estimated the divergence
between human and chimpanzee, the polymorphisms in motif
regions were considered as nonsynonymous and in nonmotif
regions were considered as synonymous. The NI (NI= (P, x D)/
(Psx Dg)) was calculated for both conserved and diverged m°A
peaks.

Gene expression analysis

Cufflinks (v2.2.1) was used to calculate the FPKM of each gene to
represent their mRNA expression level (Trapnell et al. 2010).
Expression divergence was calculated as the coefficient of variation
of log, transformed FPKMs between orthologous genes.

Data access

The mC®A-seq data from this study have been submitted in the
NCBI Gene Expression Omnibus (GEO; http://www.ncbi.nlm.
nih.gov/geo/) under accession number GSE70299.
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