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Abstract

DNA methylation at CpG dinucleotides can significantly increase the rate of cytosine-to-thymine mutations and the level
of sequence divergence. Although the correlations between DNA methylation and genomic sequence evolution have been
widely studied, an unaddressed yet fundamental question is how DNA methylation is associated with the conservation of
individual nucleotides in different sequence contexts. Here, we demonstrate that in mammalian exons, the correlations
between DNA methylation and the conservation of individual nucleotides are dependent on the type of exonic sequence
(coding or untranslated), the degeneracy of coding nucleotides, background selection pressure, and the relative position
(first or nonfirst exon in the transcript) where the nucleotides are located. For untranslated and nonzero-fold degenerate
nucleotides, methylated sites are less conserved than unmethylated sites regardless of background selection pressure and
the relative position of the exon. For zero-fold degenerate (or nondegenerate) nucleotides, however, the reverse trend is
observed in nonfirst coding exons and first coding exons that are under stringent background selection pressure.
Furthermore, cytosine-to-thymine mutations at methylated zero-fold degenerate nucleotides are predicted to be more
detrimental than those that occur at unmethylated nucleotides. As zero-fold and nonzero-fold degenerate nucleotides
are very close to each other, our results suggest that the “functional resolution” of DNA methylation may be finer than
previously recognized. In addition, the positive correlation between CpG methylation and the level of conservation at
zero-fold degenerate nucleotides implies that CpG methylation may serve as an “indicator” of functional importance of
these nucleotides.
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Introduction

The mutation of nucleotide is the ultimate driving force of
evolution. In exonic regions, the majority of mutations, espe-
cially those that occur in coding exons, are destined to selec-
tive elimination because of their deleterious effects (Kimura
1983; Nei et al. 2010). Therefore, the currently observable
nucleotide substitutions represent past mutations that have
been screened and retained by natural selection.

The rate of mutation varies significantly across genomic
regions because of differences in such features as the type of
genomic sequence, G+ C content, chromosomal locations,
presence of repetitive elements, recombination rate, and the
level of DNA methylation (Ellegren et al. 2003; Ananda et al.
2011; Hodgkinson and Eyre-Walker 2011). Among these
genomic features, DNA methylation is arguably the most
influential because it can lead to spontaneous cytosine-to-
thymine (C-to-T) transitions at a rate ten times higher than
the genome-wide average (Coulondre et al. 1978; Bird 1980;
Holliday and Grigg 1993). Interestingly, however, mutagenesis
is not the only biological role of DNA methylation. DNA

methylation is also important for a variety of biological
functions, including genomic imprinting (Li et al. 1993),
X-chromosome inactivation (Heard et al. 1997), DNA-
protein interactions (Mancini et al. 1999; Hark et al. 2000;
Lister et al. 2009), the silencing of transposable elements
(Walsh et al. 1998), tumorigenesis (Feinberg and Tycko
2004), embryogenesis and development (Reik 2007; Laurent
et al. 2010), and regulations of gene expression and mRNA
splicing (Anastasiadou et al. 2011; Shukla et al. 2011; Jones
2012). Recent studies on single-base DNA methylomes have
shown that DNA methylation is unevenly distributed within
the gene body (Lister et al. 2009; Schwartz et al. 2009; Laurent
et al. 2010). Furthermore, DNA methylation was suggested to
be a strong marker of exonic regions and exon—intron bound-
aries and possibly be important for regulating mRNA splicing
(Laurent et al. 2010; Lyko et al. 2010; Anastasiadou et al. 20171;
Gelfman et al. 2013). As regulations of mRNA splicing and
gene expression are heavily targeted by natural selection,
methylated exonic nucleotides may be functionally important
and selectively constrained. Consistent with this notion,
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densely methylated genes have been reported to be more
conserved than sparsely methylated genes (Hunt et al. 2010;
Lyko et al. 2010; Park et al. 2011). Meanwhile, DNA methyl-
ation is also related to within-gene variations in evolutionary
rate. We have previously shown that DNA methylation (mea-
sured by the density of methylated CpG dinucleotides) has
fairly complicated correlations with exonic evolutionary rates,
and that the relative position of the exon (first or nonfirst
exon) in the transcript appears to be an important determi-
nant of such correlations (Chuang et al. 2012). In addition, the
rates of nonsynonymous and synonymous substitution differ
significantly from each other in their correlations with exonic
level of DNA methylation (Chuang et al. 2012). Notably, how-
ever, these previous studies focused on the evolutionary rates
of genes or exons as a whole. How DNA methylation is asso-
ciated with the conservation level of individual nucleotides in
exonic regions remains underexplored.

An in-depth understanding of the correlation between
DNA methylation and single-nucleotide evolution has impor-
tant biological implications because 1) the exon-level (and
gene-level) sequence evolution is the combinatorial result
of single-nucleotide substitutions; 2) individual nucleotides
within the same exonic regions are subject to different selec-
tive constraints depending on their biological roles (e.g,
untranslated region [UTR] vs. coding sequence [CDS]J; zero-
fold vs. nonzero-fold degenerate sites); 3) substitutions that
occur at coding nucleotides (particularly zero-fold and two-
fold degenerate sites) can lead to various types of amino acid
substitutions and thus may have different fitness effects;
4) the fitness effects of amino acid substitutions are depen-
dent on the local sequence contexts and the functional im-
portance of the peptides; and 5) the biological significance of
DNA methylation in the gene body has remained unclear.
Therefore, exploring how DNA methylation is correlated with
single-nucleotide conservation can not only push the resolu-
tion of methylation-related sequence evolution to the very
basic unit but also help clarify the role of DNA methylation in
the gene body.

To address this issue, we collected base-resolution DNA
methylation data from six human cell types (including both
normal cells and cell lines) and systematically examined the
correlations between DNA methylation and the level of
single-nucleotide conservation in mammals. Our results indi-
cate that such correlations differ not only between different
types of genomic sequences (i.e, UTR vs. CDS) and different
positions of exons (i.e, first vs. nonfirst exons) but also
between coding nucleotides of different levels of degeneracy
(i.e, zero-fold vs. nonzero-fold degenerate sites). Intriguingly,
for specific groups of nucleotides, such as zero-fold degener-
ate (also known as “nondegenerate”) nucleotides, methylated
sites have an increased level of conservation. In addition, the
C-to-T mutations at methylated zero-fold degenerate nucle-
otides are predicted to be more damaging than those that
occur at unmethylated nucleotides. These observations
appear to suggest that CpG methylation serves as a “signa-
ture” of biological importance at certain nucleotides, where
mutations may be detrimental and thus are disfavored by
natural selection.
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Results

Different Exonic Regions Vary Significantly in
Epigenetic and Evolutionary Properties

To investigate the correlations between DNA methylation
and the level of single-nucleotide conservation in human
exonic sequences, we retrieved single-base-resolution DNA
methylation data from six different human cell types, includ-
ing nondifferentiated (embryonic stem cells [ESCs]), lowly
differentiated (lung and skin fibroblasts, fibroblastic deriva-
tives of ESCs), and differentiated cells (blood mononuclear
cells) (see Materials and Methods; table 1). It has been
reported that DNA methylation patterns may vary consider-
ably between cell types (Lister et al. 2009; Laurent et al. 2010;
Chuang et al. 2012). Therefore, if the analysis results derived
from different cell types are consistent with one another, such
results may be considered as robust against variations in DNA
methylation patterns. Table 1 shows the number of exons
and methylated/unmethylated nucleotides examined in each
data set. On average, more than 60% of the CpGs were sam-
pled for the examined exons. The CpG dinucleotides in the
examined exons therefore appear to be adequately sampled.

As natural selection and DNA methylation may differen-
tially affect different types of exonic regions (Chuang et al.
2012), we classified human exonic regions into six groups
according to whether they are translated and their relative
positions in the transcript: 5’UTR-First (5U-F), 5 UTR-nonFirst
(5U-nonF), CDS-First (CDS-F), CDS-nonFirst (CDS-nonF),
3'UTR-First (3U-F), and 3'UTR-nonFirst (3U-nonF) (see
Materials and Methods; fig. 1A). We then examined the
basic sequence features of these six groups of exonic regions.
As expected, the DNA methylation levels (measured by the
“mCG density”; see Materials and Methods) vary significantly
among different groups of exonic regions, with 5'UTRs
(whether they are located at the first exons or nonfirst
exons) and first exons (whether they are UTRs or CDSs)
having significantly reduced average mCG density as com-
pared with the other two regions (supplementary fig. STA
and B, Supplementary Material online). In addition, the first
exonic regions (5U-F, CDS-F, and 3U-F) have higher G+ C
contents and CpG densities than the corresponding nonfirst
exonic regions (5U-nonF, CDS-nonF, and 3U-nonF, respec-
tively) (supplementary fig. S1C, Supplementary Material
online). These observations are consistent with previous find-
ings that the level of DNA methylation is negatively correlated
with CpG density (Lister et al. 2009; Laurent et al. 2010;
Chuang et al. 2012).

Next, we examined the correlations between exonic mCG
density and the CpGo/ ratio (see Materials and Methods). As
a high level of C-to-T mutation (which leads to a low CpGye
ratio) has been suggested to result mostly from DNA meth-
ylation (Bird and Taggart 1980; Park et al. 2011; Park et al.
2012), a negative correlation between CpGo/¢ ratio and mCG
density is expected (Bird and Taggart 1980; Zemach et al.
2010; Park et al. 2011). A higher level of negative correlation
between the two measurements was suggested to reflect a
higher proportion of methylated CpGs having undergone
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Table 1. The Base-Resolution DNA Methylation Data Sets Used in this Study.

Data Set Description (Ref.) No. of Exons No. of No. of
(Average CpG Methylated Unmethylated
Coverage)® Sites Sites
S1 Peripheral blood mononuclear cells (Li et al. 2010) 29,865 (63.19%) 305,364 204,848
S2 H1 human ESCs (Lister et al. 2009) 48,833 (84.75%) 841,279 244,795
S3 IMR90 fetal lung fibroblasts (Lister et al. 2009) 56,614 (89.42%) 721,143 515,777
S4 WAO09 human ESCs (Laurent et al. 2010) 53,476 (90.09%) 691,427 883,790
S5 Fibroblastic differentiated derivatives of WA09 hESCs (Laurent et al. 2010) 50,222 (86.82%) 696,576 809,697
S6 Neonatal human foreskin fibroblasts (Laurent et al. 2010) 50,776 (87.43%) 544,756 900,590

Coverage of the CpG dinucleotides for each exon = (number of the sampled CpG dinucleotides)/(number of the sampled CpG dinucleotides + number of the nonsampled CpG
dinucleotides).
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Fic. 1. Comparisons of evolutionary properties among different types of exonic regions for the six cell types examined. (A) Examples of six groups of
exonic regions categorized: G1, 5U-F; G2, 5U-nonF; G3, CDS-F, G4, CDS-nonF; G5, 3U-F; and G6, 3U-nonF. (B) Pearson’s coefficient of correlation
(r) between CpGp/e and mCG density. (C) Average conservation scores (phastCons scores) of exons for the six exonic groups.
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mutation (Chuang et al. 2012). As shown in figure 1B, we find
that CpGoye ratios are indeed significantly negatively corre-
lated with mCG density, regardless of the type of exonic
region (all P values <10~ "). Interestingly, the profiles of
the mCG density-CpGoe correlations are similar to those
of the mCG densities among different exonic regions
(fig. 1B and supplementary fig. S1A, Supplementary Material
online), with CDS-nonF and 3U-nonF exonic regions having
the weakest correlations. This observation suggests that DNA
methylation in CDS-nonF and 3U-nonF regions may be less
effective in causing mutations. By contrast, the mutagenic
effect of DNA methylation is stronger in the other four
groups of regions (i.e, 5UTRs and the first exons) despite
the lower levels of DNA methylation in these exonic regions
(supplementary fig. S1A, Supplementary Material online).
This observation implies that other factors (presumably se-
lection-related forces) may be involved in shaping the substi-
tution profiles of human exonic regions. Furthermore, we
compared the conservation levels (measured by the average
phastCons score (Siepel et al. 2005) of the six groups of exonic
regions. Figure 1C shows that, as expected, CDS-nonF regions
have the highest average phastCons scores, with CDS-F re-
gions following closely. All of the four UTR regions have sig-
nificantly lower phastCons scores when compared with CDS
(supplementary table S1, Supplementary Material online),
consistent with our understanding of sequence conservation

in exonic regions (Graur and Li 2000). The differences in basic
properties between exonic regions thus support the necessity
of classification while investigating the correlations between
exonic DNA methylation and single-nucleotide conservation.

Methylated Nucleotides Evolve More Slowly Than
Unmethylated Nucleotides in Highly Conserved
Coding Regions

We then examined how DNA methylation may affect the
conservation of individual nucleotides (measured by the
PhyloP score [Pertea et al. 2011]) in the six groups of exonic
regions. Theoretically, the mutagenic effect of DNA methyla-
tion should decrease the level of nucleotide conservation.
In other words, methylated nucleotides are expected to
have lower PhyloP scores than unmethylated nucleotides.
Interestingly, however, although this expected correlation is
observed in five of the six groups of exonic regions (5U-F, 5U-
nonF, CDS-F, 3U-F, and 3U-nonF), the reverse is true for CDS-
nonF exonic regions (fig. 2A and supplementary fig. S2A,
Supplementary Material online). This observation is remark-
able considering that CDS-nonF exonic regions actually have
the highest average mCG density among the six groups (sup-
plementary fig. S1A, Supplementary Material online). This
result also echoes our above finding that in CDS-nonF regions,
the mutagenic effect of DNA methylation tends to be weak
(fig. 1B). However, even if DNA methylation does not cause

S1 S2 4 S5
A S3_ S S6 Median PhyloP score
5U_F Unmethylated site > methylated site (P<0.001)
Unmethylated site > methylated site (P<0.01)
5U-nonF
Unmethylated site > methylated site (P<0.05)
CDS-F
Unmethylated site = methylated site (not significant)
CDS'nOnF Unmethylated site < methylated site (P<0.05)
3U-F Unmethylated site < methylated site (P<0.01)
3U_nonF Unmethylated site < methylated site (P<0.001)
B Lowly conserved exon

S1 82 S3 S4 S5 S6

5U-F
5U-nonF
CDS-F
CDS-nonF
3U-F

3U-nonF

1
: Highly conserved exon
\S1 S2 S3 S4 S5 S6

Fic. 2. Comparisons of the conservation scores (the median PhyloP scores) at methylated and unmethylated sites in six groups of exonic regions across
six cell types examined (S1-S6) (A) before and (B) after dividing each of the exonic region group into lowly conserved (left column) and highly
conserved regions (right column). The statistical significance was evaluated by using the two-tailed Wilcoxon rank-sum test.
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any mutations at the methylated cytosines (i.e, DNA meth-
ylation has no mutagenic effects at all), the methylated sites
should at best be as conserved as (but not more conserved
than) the unmethylated sites. Furthermore, the weak muta-
genic effect is also observed for 3U-nonF exonic regions
(fig. 1B), but in these regions methylated nucleotides are
less conserved than the unmethylated ones (fig. 2A and
supplementary fig. S2A, Supplementary Material online).
Therefore, the cause of the higher-than-expected conserva-
tion level at methylated CDS-nonF nucleotides is worth
further explorations.

As CDS-nonF regions have a higher level of conservation
than the other five groups of exonic regions (fig. 1C), we then
ask whether the background selective constraints might have
affected the correlation between DNA methylation and
single-nucleotide conservation. We divided each of the six
groups of exonic regions into highly conserved and lowly
conserved exonic regions (see Materials and Methods) and
reexamined the correlations between DNA methylation and
PhyloP score. Interestingly, as illustrated in figure 2B and sup-
plementary figure S2B, Supplementary Material online, first,
for UTRs (5'UTRs and 3'UTRs), a negative methylation—
PhyloP correlation is still observed regardless of background
selective constraints or relative position (first or nonfirst) of
the exonic region. Second, for CDS-F regions, negative meth-
ylation—PhyloP correlations are observed when these regions
are lowly conserved, but the correlations turn positive when
the regions are highly conserved. This latter observation

A S1

CDS-F (i=0)
CDS-F (i=2/3)
CDS-F (i=4)
CDS-nonF (i=0)
CDS-nonF (i=2/3)

CDS-nonF (i=4)

B Lowly conserved exon
S2_ S3 S4 S5 S6

S1

CDS-F (i=0)
CDS-F (i=2/3)
CDS-F (i=4)
CDS-nonF (i=0)
CDS-nonF (i=2/3)

CDS-nonF (i=4)

S§2 S3 S4 S5 S6

differs from what is shown in figure 2A. Third, for CDS-
nonF regions, the positive methylation—PhyloP correlation
occurs in highly conserved regions. However, there is no
clear trend in lowly conserved regions, with both positive
and negative correlations being observed (fig. 2B and supple-
mentary fig. S2B, Supplementary Material online). These re-
sults suggest that background selection pressure may affect
the methylation—PhyloP correlations in coding regions but
not in UTRs.

Degeneracy Significantly Affects the Conservation
Level of Methylated Coding Nucleotides

We have shown that the difference in conservation level
between methylated and unmethylated coding nucleotides
is associated with the background selection pressure. As
coding nucleotides of different levels of degeneracy are
under different levels of selective constraints, we separated
the analyzed coding nucleotides into zero-fold (i = 0), two-/
three-fold (i=2 or 3), and four-fold (i =4) degenerate sites
and reexamined the conservation scores of methylated/
unmethylated nucleotides for each type of degenerate sites.
Interestingly, for nonzero-fold (i = 2-4) degenerate sites, the
unmethylated are more conserved than the methylated ones,
regardless of the relative position of the exon (fig. 3A and
supplementary fig. S3A, Supplementary Material online).
By contrast, for zero-fold (i = 0) degenerate sites, the methyl-
ated are more conserved than the unmethylated ones in

Median PhyloP score

Unmethylated site > methylated site (P<0.001)
Unmethylated site > methylated site (P<0.01)
Unmethylated site > methylated site (P<0.05)
Unmethylated site = methylated site (not significant)
Unmethylated site < methylated site (P<0.05)
Unmethylated site < methylated site (P<0.01)

Unmethylated site < methylated site (P<0.001)

1
1

1 Highly conserved exon
1

1S1 S2 S3 S4 S5 S6

Fic. 3. Comparisons of the median PhyloP scores of zero-fold (i=0), two-/three-fold (i=2 or 3), and four-fold (i=4) degenerate nucleotides at
methylated and unmethylated sites in the coding exonic regions (including CDS-F and CDS-nonF regions) (A) before and (B) after dividing each of the
exonic region group into lowly conserved (left column) and highly conserved regions (right column). The statistical significance was evaluated by using

the two-tailed Wilcoxon rank-sum test.
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CDS-nonF regions, whereas no clear trend is observed in CDS-
F regions (fig. 3A and supplementary fig. S3A, Supplementary
Material online). These observations suggest that the positive
methylation-PhyloP correlation in CDS-nonF regions (fig. 2A)
is probably dominated by zero-fold degenerate nucleotides,
for neither two-/three-fold nor four-fold degenerate sites in
the same regions show such a positive correlation. Similar
comments may also apply to CDS-F regions—although the
correlations between DNA methylation and PhyloP score vary
between cell types at zero-fold degenerate sites, at nonzero-
fold degenerate sites the correlations remain negative across
the six cell types (fig. 3A). These results indicate that the
degeneracy of nucleotides can significantly affect the level
of nucleotide conservation at methylated sites. Of note,
zero-fold degenerate sites are generally thought to be under
more stringent selective constraints than nonzero-fold
degenerate sites (Graur and Li 2000). Therefore, the associa-
tion between degeneracy and the methylation—PhyloP corre-
lation suggests the involvement of selective constraints in
shaping the conservation profiles of methylated and
unmethylated coding nucleotides.

As background selection pressure can remarkably affect
the level of conservation of methylated coding nucleotides
(fig. 2B), we are interested to know whether this factor can
also affect the methylation—PhyloP correlation specifically
at zero-fold degenerate nucleotides. Intriguingly, as shown
in figure 3B and supplementary figure S3B, Supplementary
Material online, highly conserved exonic regions show a
positive methylation—PhyloP correlation in both CDS-F and
CDS-nonF regions. Similar trends are also observed for lowly
conserved CDS-nonF regions (fig. 3B). However, lowly con-
served CDS-F regions show inconsistent trends in different
cell types (fig. 3B). In contrast, for nonzero-fold (i =2-4)
degenerate nucleotides, negative methylation—PhyloP corre-
lations are observed, regardless of the relative position of the
exon and background selection pressure (fig. 3B and supple-
mentary fig. S3B, Supplementary Material online). These re-
sults indicate that the effect of degeneracy on the
methylation—PhyloP correlation is dependent on the se-
quence context, namely the relative position of the exon
and background selection pressure.

C-to-T Mutations Tend to be More Damaging at
Methylated Than at Unmethylated Zero-Fold
Nucleotides

We have shown that for highly conserved regions, methylated
zero-fold degenerate nucleotides have a higher level of con-
servation than those that are unmethylated. We are thus
curious about whether these methylated nucleotides are
biologically more important and are subject to more stringent
selective constraints than unmethylated nucleotides within
the corresponding exonic regions. To examine this possibility,
we used SIFT (Ng and Henikoff 2003) and PolyPhen-2
(Adzhubei et al. 2010), two well-developed tools for measur-
ing the functional consequences of nonsynonymous variants,
to predict the fitness effects of potential C-to-T mutations
at methylated and unmethylated zero-fold degenerate
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nucleotides. As shown in figure 4A and B, for both CDS-F
and CDS-nonF regions, both SIFT and PolyPhen-2 predicted
that C-to-T mutations at methylated zero-fold degenerate
sites are generally more damaging than those that occur at
unmethylated zero-fold degenerate sites (all P values <0.01
except for S2/S3 in some SIFT/PolyPhen-2 predictions, by the
two-tailed Fisher’s exact test). Furthermore, for both CDS-F
and CDS-nonF regions, the odds ratios of damaging C-to-T
mutations occurring at methylated sites over those occurring
at unmethylated sites are significantly larger in highly con-
served regions than in lowly conserved regions according to
the predictions of SIFT and PolyPhen-2 across the six cell
types (all P values <0.05 by the paired t-test). Our results
thus indicate that methylation-related mutations at zero-
fold degenerate nucleotides are likely to be deleterious (espe-
cially in highly conserved exonic regions). These observations
imply that the positive methylation—PhyloP correlations at
zero-fold degenerate nucleotides are probably associated with
the selective constraints specifically imposed on these sites,
and that CpG methylation may serve more as a “mark” of
biological importance than a mutation driver in this context.

Discussion

In this study, we examined the correlations between DNA
methylation and the conservation of individual nucleotides in
exonic regions. We demonstrated that in the human genome,
the level of conservation of individual exonic nucleotides is
differentially correlated with DNA methylation in a sequence
context-dependent manner. The sequence features that may
affect such correlations include the degeneracy of the nucle-
otide, the background selection pressure, and the type of
exonic regions where the nucleotide is located. These findings
have several important implications for genomic and evolu-
tionary studies.

To begin with, our results indicate that the methylation—
PhyloP correlations differ between CDSs and UTRs and also
between CDS-F and CDS-nonF regions. These observations
suggest that the biological roles of DNA methylation may vary
with the background selection pressure and the type of
exonic regions. Of note, for CDSs (particularly for CDS-F
regions), the correlations differ with the levels of exonic
sequence conservation. The difference between CDSs and
UTRs is expected, and the difference between CDS-F and
CDS-nonF regions is also understandable (Chuang et al.
2012). However, the difference in the methylation-PhyloP cor-
relation between highly and lowly conserved CDS-F regions
and that between zero-fold and nonzero-fold degenerate nu-
cleotides are unexpected. These differences are perhaps as-
cribable to three nonmutually exclusive factors. First, some
CDS-F regions are close to promoter regions, whereas other
CDS-F regions are not. The CDS-F regions that are closer to
promoter regions may have been somewhat “homogenized”
by the background sequences and become less selectively
constrained than the CDS-F regions that are far away from
promoters. This divergence in the distance from promoters
may have divided CDS-F regions into two groups with differ-
ent methylation—-PhyloP correlations. By contrast, CDS-nonF
regions are usually far away from promoter regions. They are
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at unmethylated sites in the lowly (left column) and highly (right column) conserved regions of the (A) CDS-F and (B) CDS-nonF regions. The statistical
significance was evaluated by using the two-tailed Fisher’s exact test: *P < 0.05, **P < 0.01, and **P < 0.001. NS, not significant.

therefore less influenced by the distance from promoter re-
gions and form a single group in this regard. Second, in highly
conserved CDS regions, and especially at zero-fold degenerate
nucleotides, the selective constraints are so strong that these
nucleotides are virtually invulnerable to the mutagenic effect
of DNA methylation. By comparison, the less selectively
constrained lowly conserved regions and nonzero-fold degen-
erate nucleotides may be more tolerant for the methylation-
related mutations. Therefore, the negative methylation—
PhyloP correlations can be observed in the latter regions.
Third, we speculate that at zero-fold degenerate nucleotides
(particularly those located in CDS-nonF regions), DNA meth-
ylation may be an indicator of functional importance. To be
sure, DNA methylation can be more than just an “indicator.”
It has been reported that in Arabidopsis thaliana, methylation
at specific coding nucleotides are sufficient to silence a gene
(Rangani et al. 2012). Therefore, DNA methylation at individ-
ual nucleotides can play important regulatory roles. It is likely
that these methylated nucleotides, with their importance in
regulations, are subject to more stringent selective constraints
than unmethylated nucleotides. By examining the potential
fitness effects of C-to-T mutations at zero-fold degenerate
nucleotides, we demonstrated that these mutations tend to
be more damaging at methylated than at unmethylated nu-
cleotides (fig. 4). Furthermore, these mutations are more
damaging in highly conserved regions than in lowly conserved
regions (fig. 4). These observations further support the hy-
pothesis of CpG methylation as an indicator of biological
importance.

Still another implication of our results is that the “func-
tional resolution” of DNA methylation may be finer than
previously thought. The observation that zero-fold and

nonzero-fold degenerate nucleotides have opposite
methylation—PhyloP correlations indicates differences in the
biological role of DNA methylation at these two types of
nucleotides. This is somewhat surprising considering that
zero-fold and nonzero-fold nucleotides are no more than
two nucleotides away from each other (because all of the
second sites in the codon triplets are zero-fold degenerate
sites). Therefore, the functions of DNA methylation may differ
not only between exonic and intronic regions as previously
reported (Choi et al. 2009; Flores et al. 2012; Jones 2012; Sati
et al. 2012) but also between individual nucleotides within
coding regions.

Of note, here we use DNA methylation data from post-
fertilization cells rather than data from germ line cells. In
principle, DNA methylation in germ line cells can be more
accurately related to nucleotide substitutions because only
the mutations in these cells can be transferred to the next
generation. Interestingly, nevertheless, one previous report
indicated that the global patterns of DNA methylation in
ESCs are similar to those in the germ line cells (Zechner
et al. 2009). Furthermore, although the ratios of methyl-
ated-to-unmethylated number of sites vary considerably
(from 0.60 to 3.44; see table 1), the overall results are generally
consistent across different cell types. Of note, the six analyzed
data sets include both cells derived from natural sources
(e, S1, peripheral blood mononuclear cells) (Wang et al.
2008; Li et al. 2010) and those that were cultivated in the
laboratory (i.e, S2-S6). Therefore, our results appear to be
robust against variations in methylation pattern between
cell types. As DNA methylation patterns may vary consider-
ably among species (especially for plants vs. animals) (Feng
et al. 2010; Zemach et al. 2010), it will be interesting to

393

$T0Z ‘82 |1udy uo AriqiT AisieAlun Buny ceiyd euoieN e /Bio'sjeulnolpioixoaqu//:dny woij papeojumod


-
.
-
,
 --
&sim;
Since
http://mbe.oxfordjournals.org/

Chuang and Chen - doi:10.1093/molbev/mst208

MBE

investigate whether lineage-specific methylation patterns
may contribute to alterations in the methylation—PhyloP cor-
relation when single-base-resolution methylome data from
other species become available.

Recently, the ENCyclopedia Of DNA Elements (ENCODE)
Consortium reported that a significant proportion of the
human genome is methylated and suggested that the meth-
ylated genomic regions are probably functional (Bernstein
et al. 2012). This proposition, however, has been disputable.
For instance, Graur et al. (2013) commented that not all of
the methylated CpG dinucleotides are equally functional—
some of the CpG dinucleotides may have been methylated
simply by chance. Interestingly, our results appear to echo
Dr Graur's comments in that DNA methylation in different
sequence contexts may play distinct roles, even for methyla-
tion that occurs at physically close CpG dinucleotides
(e.g, degenerate vs. nondegenerate sites). This is understand-
able if a “neutral view” of DNA methylation is considered. In
other words, akin to mutations, DNA methylation at CpG
dinucleotides may have occurred spontaneously and is sub-
sequently subject to context-dependent selective constraints.
Although our study was not aimed for the resolution of the
abovementioned dispute, it demonstrates that the biological
roles of DNA methylation can vary significantly within a short
genomic distance. The regulations and functions of DNA
methylation thus appear to be more complicated than
previously anticipated.

Materials and Methods

Collection of Single-Base-Resolution DNA Methylation
Data

The base-resolution DNA methylation data from six human
cell types (S1-S6, table 1) were downloaded from
NGSmethDB (Hackenberg et al. 2011) at http://bioinfo5.ugr.
es/NGSmethDB2/index.php (last accessed November 8,
2013). These data sets were generated with bisulfite (51, S4,
S5, and S6) or MethylIC (S2 and S3) sequencing. To ensure the
accuracy of the data, we considered only the CpG dinucleo-
tides that were covered by >5 bisulfite/MethylC reads (such
CpG dinucleotides are designated as “sampled CpGs”). A CpG
site is defined as methylated (designated as “mCG”) if >80%
of the mapped reads support the methylation status at the
CpG site, whereas a CpG site supported by <20% of meth-
ylation read is defined as unmethylated (Meissner et al. 2008;
Laurent et al. 2010). To ensure that the examined exonic
regions contain sufficient information for estimations of the
methylation level, only the exonic regions that contained >10
sampled CpGs were considered.

Data Retrieval

The human gene annotations were downloaded from the
Ensembl database at http://www.ensembl.org/ (last accessed
November 8, 2013) (version 69). According to the type of
genomic sequence (i.e, UTR or CDS) and the relative position
of the exon (first or nonfirst exons) in the Ensembl-annotated
genes, each retrieved exonic region was assigned to one of the
six following groups: 1) 5’'UTR-First (5U-F); 2) 5’UTR-nonFirst
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(5U-nonF); 3) CDS-First (CDS-F); 4) CDS-nonFirst (CDS-
nonF); 5) 3'UTR-First (3U-F); and 6) 3'UTR-nonFirst (3U-
nonF) (examples are given in fig. 1A). To avoid ambiguous
classification, single-exon genes and the exonic regions that
overlap with noncoding RNAs or pseudogenes were excluded.
The exonic regions that are differentially annotated as CDSs
and UTRs in different alternatively spliced transcripts were
also excluded. The numbers of exonic regions, methylated
sites, and unmethylated sites for each group are listed in
table 1 and supplementary table S2, Supplementary
Material online. The conservation levels of single nucleotides
and exonic regions were measured by the PhyloP score
(Pertea et al. 2011) and phastCons score (Siepel et al. 2005),
respectively. Both the PhyloP and phastCons scores were
downloaded from the UCSC genome browser at http://
genome.ucsc.edu/ (last accessed November 8, 2013). The con-
servation level of an exonic region was measured by calculat-
ing the average phastCons scores of all nucleotides that are
located within this exonic region. An exonic region is regarded
as lowly conserved if the average phastCons score of this
region is lower than the median of all regions in the corre-
sponding exonic group. Otherwise, the exonic region is
regarded as highly conserved. Degeneracy of coding nucleo-
tides was determined on the basis of the Ensembl gene
annotations (version 69). The nucleotides with ambiguous
degeneracy (e.g, caused by overlapping genes or alternative
mRNA splicing) were excluded. The human-mouse gene
orthology assignments and dy/ds ratios were downloaded
from the Ensembl database.

Measurement of CpG Dinucleotide

Depletion (CpGoye)

The ratio of observed-to-expected number of CpG dinucleo-
tides (CpGoye) is @ measurement of CpG dinucleotide deple-
tion because a low CpGo/¢ indicates a large fraction of CpG
dinucleotides having being mutated (Bird and Taggart 1980;
Park et al. 2011; Park et al. 2012). CpGo/¢ is defined as

Pcpc
PC X PG
number of CpGs X length of the exonic region

CpGoyje =

>

number of Cs x number of Gs

where Pc,c, Po, and P, respectively, represents the frequency
of CpG dinucleotides, C nucleotides, and G nucleotides in the
examined exonic region.

Measurement of the Methylation Level of an

Exonic Region

The methylation level of an exonic region was measured
by calculating the density of mCG per 100 CpG dinucleotides
(designated as mCG density), which is defined as
number of mCGs x 100/number of all CpGs sampled.

Measurement of the Odds Ratio

To evaluate possible fitness outcomes of CpG methylation, we
simulated C-to-T mutations at zero-fold degenerate cytosines
that belong to a CpG dinucleotide. Whether the resulting
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amino acid substitutions are damaging was then assessed by
using SIFT (Ng and Henikoff 2003) and PolyPhen-2 (Adzhubei
et al. 2010). The SIFT and PolyPhen-2 scores were queried
through the Galaxy platform at https://main.g2.bx.psu.edu/
(last accessed November 8, 2013) and the PolyPhen sever
(version 2.2.2) at http://genetics.bwh.harvard.edu/pph2/ (last
accessed November 8, 2013), respectively. For the PolyPhen-2
prediction, “possibly” and “probably” damaging mutations
were both considered as “damaging substitutions” in this
study. We then calculated the odds ratio (OR) of damaging
mutations occurring at methylated sites over those occurring
at unmethylated sites. To this end, a two-way contingency
table was generated, with rows containing the numbers of
damaging and nondamaging mutations and columns con-
taining the numbers of methylated and unmethylated sites.
Two-tailed Fisher’s exact test was then conducted to evaluate
the statistical significance. If the OR is significantly larger than
one, the amino acid mutations that occur at methylated sites
are deemed to have a higher probability of causing damaging
effects than those that occur at unmethylated sites.

Supplementary Material

Supplementary figs. S1-S3 and tables S1 and S2 are available
at Molecular Biology and Evolution online (http://www.mbe.
oxfordjournals.org/).
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