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CpG dinucleotides contribute to epigenetic mechanisms by being
the only site for DNA methylation in mammalian somatic cells.
They are also mutation hotspots and ~5-fold depleted genome-
wide. We report here a study focused on CpG sites in the coding
regions of Hox and other transcription factor genes, comparing
methylated genomes of Homo sapiens, Mus musculus, and Danio
rerio with nonmethylated genomes of Drosophila melanogaster
and Caenorhabditis elegans. We analyzed 4-fold degenerate, syn-
onymous codons with the potential for CpG. That is, we studied
“silent” changes that do not affect protein products but could
damage epigenetic marking. We find that DNA-binding transcrip-
tion factors and other developmentally relevant genes show, only
in methylated genomes, a bimodal distribution of CpG usage. Sev-
eral genetic code-based tests indicate, again for methylated ge-
nomes only, that the frequency of silent CpGs in Hox genes is much
greater than expectation. Also informative are NCG-GNN and NCC-
GNN codon doublets, for which an unusually high rate of G to Cand C
to G transversions was observed at the third (silent) position of the
first codon. Together these results are interpreted as evidence for
strong “pro-epigenetic” selection acting to preserve CpG sites in cod-
ing regions of many genes controlling development. We also report
that DNA-binding transcription factors and developmentally impor-
tant genes are dramatically overrepresented in or near clusters of
three or more CpG islands, suggesting a possible relationship be-
tween evolutionary preservation of CpG dinucleotides in both cod-
ing regions and CpG islands.

DNA methylation | epigenetics | evolution | gene duplication

pG dinucleotides are of special interest for several reasons. In
somatic cells of mammals and other vertebrates, cytosine DNA
methylation is almost entirely in CpGs (1, 2) and is an epigenetic
mechanism essential for normal development (3, 4). The Cin CpGs
is highly mutable, with C to T (and complementary G to A) tran-
sitions being the most common mutations. The ~30-fold increased
mutation rate for CpG is generally thought to be due to the enzy-
matic methylation of CpGs, with the formation of 5-methylcytosine
(™C). Deamination of ™C then leads to enhanced mutagenesis (5,
6). Most likely for this reason the frequency of CpGs in the mam-
malian genome is on average ~5-fold below expectation based on
genome-wide nucleotide composition. Importantly, some regions
of the genome are not depleted of CpGs and, if >200 bp, are called
CpG islands (CGIs) (7, 8). As a hallmark feature, CGIs are usually
unmethylated. However, some CGIs show tissue-specific methyla-
tion, and much evidence indicates that methylated CpG sites
(™CpG) in promoters, enhancers, and other regulatory regions do
play an essential role in embryonic development, gene imprinting,
and X chromosome inactivation (3, 9, 10). For the above reasons
there have been numerous studies of CpGs in promoters (11, 12).
Over 50% of promoters are in CGIs and there is a strong inverse
correlation, especially in cancer (13), between promoter CpG
methylation and transcription. Much evidence indicates that
methylated CpG-rich promoters are locked in the off state (3, 14).
The focus of this paper is different. We have investigated CpG
usage in protein-coding regions. In coding regions a different
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system seems to be at work. Although on average 5-fold depleted in
frequency, those CpGs within genes tend to be highly methylated
(15), and it is now clear that such methylation not only is compatible
with transcription but also may be positively correlated with tran-
scription level (10, 14, 15). The biological significance of intragenic
CpG methylation is only beginning to be appreciated and its impact
on gene expression and development is still poorly understood.
Furthermore, it remains unclear in general whether there is (and, if
so, how strong) a link between epigenetic marking via methylation
of CpGs in genes coding regions and major factors of evolution,
mutations and natural selection. We have addressed these questions
by comparing CpG-associated nucleotide frequencies in coding
regions of Hox genes and Hox-like genes in methylated vs. non-
methylated genomes. Previous reports of tissue-specific intragenic
CpG methylation of Hox clusters with possible contribution to their
epigenetic regulation (16, 17) influenced this choice, as did our
suggestion that epigenetic silencing should enhance the rate of
evolution by gene duplication (18-20). We focused our study on
synonymous variability of CpG dinucleotides in coding regions. The
advantage of studying CpGs in protein-coding regions, not regula-
tory regions, is the opportunity to use the genetic code (Fig. 1) in the
special way described below.

Methylation of cytosines makes ™CpGs of both strands hyper-
mutable (5, 6). The most frequent mutation is a "C—T that, if in
the coding strand, appears as a CpG—TpG transition and, if in the
transcribed strand, is converted (in one round of replication) into
a complementary CpG—CpA transition on the coding strand.
Also, CpGs represent a potential site for epigenetic regulation by
methylation and therefore could be under surveillance of selec-
tion. It should be noted that preservation of CpGs over evolu-
tionary time can be by direct selection for "CpG or/and by indirect
selection for hypomethylation in the germ line, such as may be the
case for CGIs. For coding regions, one would expect to reveal
either type of pro-epigenetic selection by studying synonymous
mutations in CpGs. They do not change protein products of the
gene but could alter RNA structure or epigenetic marking.

By the genetic code (Fig. 1), there are two kinds of synonymous
changes in CpG sites: One affects G in the third position of NCG
codons, and the other affects the C in CpGs formed by two
neighboring codons, NNC followed by GNN. For brevity, we call
both of these silent G- or silent C-containing sites silent CpGs. If
selection preserves them for some epigenetic purpose, we would
predict that the codons NCG and NNC followed by GNN would be
overrepresented when compared with their synonymous variants.
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TTT Phe | TCT Ser | TAT Tyr TGT Cys
T TTC Phe | TCC Ser | TAC Tyr TGC Cys
TTA Leu | TCA Ser | TAA stop | TGA stop
TTG  Leu [ TCG Ser | TAG stop | TGG  Trp
CTT Leu | CCT Pro | CAT His CGT Arg
c | €TC  Leu [ CGCC Pro [ CAC His CGC Arg
CTA Leu | CCA Pro | CAA GiIn CGA Arg
CTG Leu | CCG  Pro | CAG Gin CGG Arg
ATT lle ACT Thr | AAT Asn | AGT Ser
A | ATC lle ACC Thr | AAC Asn | AGC Ser
ATA lle ACA Thr | AAA  Asn | AGA Arg
ATG  Met | ACG  Thr | AAG  Lys AGG Arg
GTT Vval GCT Ala | GAT Lys GGT Gly
g | GTC Val GCC Ala | GAC Asp | GGC Gly
GTA Val GCA Ala GAA Glu GGA Gly
GTG __ Val GCG _ Ala | GAG__ Glu GGG Gly

Qrr0-HO0>r0-1AO>04A0>0 -

Fig. 1. Genetic code. Colored are the eight quartets of codons with a com-
pletely degenerate third position (4d codons). Colored in blue are four quar-
tets (Ser, Pro, Thr, and Ala) that include the CpG-containing NCG codons with
silent mutation prone G. Four other quartets (colored in green) do not contain
such silent CpGs and were used as controls.

Over evolutionary time the genome is expected to reach equi-
librium between depletion of old and formation of new silent
CpGs. Thus departure from the expected equilibrium frequency is
evidence for selection. This result is exactly what we found for the
Hox and some other transcription factor genes: significant over-
representation of silent CpGs in Homo sapiens and other meth-
ylated genomes, but, importantly, not in nonmethylated genomes.
This line of investigation, applied genome-wide, led to the finding
that CpG usage in synonymous, 4-fold degenerate (4d) codons
(Fig. 1) shows a bimodal distribution. Most coding regions are
5-fold depleted, in keeping with the long-known 5-fold under-
representation of CpG in the mammalian genome, but homeo-
domain gene family members and some, but not all, DNA-binding
transcription factors are very different, showing relatively little
CpG depletion. We also find that DNA-binding transcription
factor genes and developmentally important genes are strikingly
overrepresented in clusters of CGls.

Results

Bimodal Distribution and Preservation of CpGs in Hox and Other
Transcription Factor Coding Regions. To enable genome-wide study
of CpG depletion or preservation in protein-coding regions, we
made use of 4d codons. As shown in Fig. 1, there are eight amino
acids encoded by 4d codons: Leu, Val, Ser, Pro, Thr, Ala, Arg,
and Gly. We calculated CpGy,orm, as a2 measure of observed CpG
usage relative to that expected in synonymous codons, with values
closer to 1.0 indicating preservation (Materials and Methods).
Note that CpGy,orm is normalized for, and independent of, G+C
content and applies only to coding regions.

As shown in Fig. 2, most H. sapiens genes are distributed around
CpGrorm = 0.32, consistent with the known (21) depletion of CpG
in the entire genome (see below). However, there is a tail to larger
values, and H. sapiens Hox genes are quite different, centered
around CpGy,orm = 0.8. Moreover, the distribution for all home-
odomain-containing genes is clearly bimodal, with about half being
similar to the Hox distribution. A high CpGy,om distribution pat-
tern is not unique to homeodomain-containing genes. The entire
class of transcription factor genes shows the bimodal distribution
(Fig. S1), with DNA-binding factors showing a more pronounced
shift to high CpGy,orm. Clearly many transcription factor genes are
similar to the Hox family in the preservation of CpGs in coding
regions. However, a closer analysis of DNA-binding factors reveals
that, in contrast to Hox and other homeodomain-containing pro-
teins, zinc finger proteins, which are extremely common mam-
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Fig. 2. Frequency distributions of CpGporm Of gene coding regions (Mate-
rials and Methods): (A) H. sapiens; (B) D. melanogaster. The number of genes
for each case is shown in the key. All curves are normalized to have area = 1.

malian transcription factors, are indistinguishable from the whole
genome distribution (Fig. 2).

The preservation of CpG dinucleotides in 4d codons is most
pronounced in the region of Hox genes that overlap with CGIs,
although there is some preservation (CpGporm = 0.6) even out-
side of CGIs (Fig. S2).

Fig. 2B and Fig. S3 show CpGy,orm, analysis of other organisms. It
is clear that Drosophila melanogaster and Caenorhabditis elegans
are quite different from H. sapiens, Mus musculus, and Danio rerio,
with a unimodal distribution of CpGy,orm, centered close to 0.86 and
showing little difference between all genes and Hox genes. Thus
this type of analysis shows a general, distinctive difference between
methylated and nonmethylated genomes. In contrast to verte-
brates, the nonmethylated genomes do not show compartmental-
ization into high and low CpG classes when 4d codon analysis is
applied to protein-coding regions.

Estimation of CpG Depletion in Methylated Genomes. Using the
CpGyep measure (Materials and Methods), we find that the de-
pletion of silent CpGs in Human Hox genes is very small, CpGep =
1.2, in contrast to the entire coding part of the genome for which the
silent CpGs are ~3-fold underrepresented (CpGgepr = 3.1). The
latter result is lower than the overall-genome (~5-fold) un-
derrepresentation. The reason is that in any silent CpG di-
nucleotide from gene coding regions, only one of two nucleotides,
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either G or C, is prone to a silent mutation in contrast to introns or
intergenic regions. The correct, per site, estimate of CpG depletion
is roughly two times larger, meaning that for most genes un-
derrepresentation of silent CpGs in the protein-coding region is
virtually the same as in the whole genome. The Hox and other
transcription factors are notably different.

Excess of NCG Codons Indicates Preservation of Silent CpGs in Coding
Regions of Vertebrate Hox Genes. Four amino acids, Ser, Pro, Thr,
and Ala (colored blue in Fig. 1), have CpG-containing NCG
codons with a “silent” G at the third position. Four other quartets
(Leu, Val, Arg, and Gly) (colored green in Fig. 1) serve as controls
because none of their codons contain silent CpGs. Fig. 34 shows
variations in usage of 4d codons in H. sapiens Hox genes measured
(in percent) with respect to their average genome values; positive
and negative values mean their over- and underrepresentation,
respectively. For Hox genes, all 4d codons ending with C or G are
somewhat overrepresented, perhaps for reasons discussed in the
next section. But beyond this, NCG codons are in obvious excess,
which is suggestive of selection. Fig. 3B shows data for 39 randomly
chosen genes, the same number as in the Hox gene family (Table
S1). No preference for synonymous codons is seen in this control.

In sharp contrast to H. sapiens, D. melanogaster does not show
a difference between Hox genes and the entire genome (Fig. 3C).
The same striking differences were seen in other comparisons of
methylated vs. nonmethylated genomes: rodent M. musculus and
fish D. rerio vs. nematode C. elegans (Fig. S4).

Importantly, the preference of NCG codons seen for Hox genes
of H. sapiens (Fig. 34), M. musculus, and D. rerio (Fig. S4) is not
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Fig. 3. Variation in usage of 4d codons in Hox genes compared with the
average genome values (Materials and Methods). (A) H. sapiens. (B) Ran-
domly chosen H. sapiens protein-coding genes. A total of 39 genes have
been retrieved from the H. sapiens genome, the same number as in the Hox
clusters. (C) Hox genes of D. melanogaster. Different colors mark these eight
4d-encoded amino acids with the first two nucleotides shown in parenthe-
ses. The horizontal line in the boxes represents the codon bias calculated
from the original dataset (Materials and Methods). Upper and lower ends of
boxes represent the SE of the bootstrap distribution. Whiskers represent the
0.95 adjusted bootstrap percentile (BCa) interval (bootstrap value = 100,000).
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due to a bias in nucleotide composition. First, if we assume that
selection prefers not silent CpGs but simply G or C at the third
codon position, then we should observe the same pattern of usage
for control 4d codons (not CpG containing) of Leu, Val, Arg, and
Gly. This is clearly not the case (Fig. 3). Second, in coding regions
of H. sapiens Hox genes, the third position of 4d codons does show
a strong bias to G or C (78 + 1%) (Table S2). However, for
complete genes (exons plus introns) and entire Hox clusters (with
intergenic regions also included), the G or C bias is significantly
smaller: 55 + 4% and 52 + 1%, respectively. This result suggests
that the bias to C or G at the third position of 4d codons specifically
characterizes Hox coding regions rather than the local genome
regions where these Hox genes reside. Third, if codon usage in Hox
genes were determined by the nucleotide frequencies, one would
observe an excess of the NCC over NCG codons inasmuch as C is
more frequent than G at the third position of all 4d codons in Hox
genes: 45 + 5% Cvs. 33 + 6% G (Table S2). Opposite to expec-
tation, silent G clearly prevails over silent C in codons for Ser, Ala,
Pro, and Thr, suggesting that the strong bias of codon usage in
Hox genes is associated with CpG sites rather than with the G+C
content. This result in turn suggests that the observed relatively
high frequency of Cin the third codon position of mammalian Hox
genes (Fig. 34 and Fig. S4) may reflect formation of the CpG with
the next codon, i.e., the NNC-GNN configuration.

CGA and CGG Codons. These CpG-containing codons are of par-
ticular interest because C—A transversions convert them into the
non-CpG codons AGA and AGG still coding for the same amino
acid, arginine (Fig. 1). The hypothesis of selection maintaining
MCpGs along the gene body predicts an excess of CG-containing
codons over their AGA and AGG synonyms in CpG-methylated
genomes but not in non-CpG-methylated genomes. As in the
previous case with NCG codons (Fig. 3 and Fig. S4), we estimated
variations in usage of these arginine codons in Hox genes relative
to their usage in entire genomes. The result turned out to be
consistent with the prediction. In methylated human Hox genes,
AGA and AGG are underrepresented (—54.6 + 7.5% and —24.1 +
7.2%, respectively) whereas CGC is overrepresented (+104.7 +
12.9%). By contrast, in nonmethylated Drosophila, usage of ar-
ginine codons in Hox genes is virtually not different from their
usage at a whole-genome level. This result again suggests that only
in CpG-methylated genomes, selection preserves CGG and CGA
codons from synonymous C—A transversions.

Excess of NCC-GNN—NCG-GNN Transversions in Hox Coding Regions.
Usually, C—G/G—C transversions at CpG sites are rare com-
pared with C-A/G—T transversions and especially C-T/G—A
transitions. For example, in the TP53 tumor suppressor gene from
H. sapiens cancers, silent G—C and C—G at CpG sites comprise
only 10.5% in contrast to 32.6% of C-A/G—T and 56.9% of
C-T/G—A (International Agency for Research on Cancer da-
tabase). We find that for certain sequences in Hox genes these
numbers are different.

Fig. 4 illustrates the unique feature of NCC GNN sites: a C—>G
transversion at the third position of the first codon destroys an old
CpG but at the same time creates a new CpG shifted only one
position to the left. Mirror symmetrically, the same is true for
a new CpG shifted to the right by a reverse G—C transversion in
the NCG-GNN structure. In contrast, a C—G in a NCC codon
(or, symmetrically, the reverse G—C in NCG) not followed by
GNN creates (or eliminates) a CpG site without any compensa-
tory change. Therefore, if selection preserves the CpG profile in
coding regions of Hox genes, one would predict a significant in-
crease of the C—G (G—C) frequency in the first case (NCC-
GNN and NCG-GNN) and, on the contrary, a significant de-
crease of these transversions in the second case (NCC-HNN and
NCG-HNN, H equals not G) compared with three other types of
base substitutions. This difference is precisely what we observe for
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pairs of neighboring codons. The pie charts show the observed frequencies
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aligned coding regions of M. musculus and H. sapiens Hox genes
(see diagrams in Fig. 4). For example, CoT transitions decrease
from 62 to 44% and C—G transversions increase from 24 to 38%.

Hox and Other Transcription Factors Are Located in Clusters of CpG
Islands. Genome-wide analyses have shown that exons often
overlap with CGIs (12), and the synonymous substitution rate of
CpG-containing codons is substantially reduced in regions of
overlap (10, 12, 22). We noticed that CGIs are distributed
throughout the Hox A locus and often overlap with exons. This
observation prompted an analysis of CGIs. To determine how
CGls are distributed in the genome, we developed an algorithm
that enables an analysis of clustering (SI Text and Fig. S5). A CGI
cluster is defined as a set of CGIs with distance between consec-
utive CGIs less than a given threshold (7). Genes belong to a CGI
cluster if they totally or partially overlap with a CGI cluster.
Consistent with the known nonrandom distribution of genes in the
genome and the existence in the mammalian genome of isochores
(23), defined as large regions of similar G+C content, we find that
CGIs are not randomly distributed; instead they often occur in
clusters. For example, the 11 Hox A genes are located in a large
cluster of CGISs (Fig. S6). In fact, all of the Hox loci are located in
CGI clusters of three or greater, a feature that, to our knowledge,
has not previously been noted. Given this result, we asked what
genes tend to be in CGI clusters. Table 1 and Table S3 shows Gene
Ontology (GO) results for clusters of three or greater, with T =
10,000 bp and CGI length 500 bp. It is clear that transcription
factors, especially DNA-binding transcription factors, are dra-
matically overrepresented (P value = 9 x ¢~°®) in CGI clusters of
three or greater. Another high-scoring category is “regulation of
gene expression” (P value = 8 x e °°). Similar results were
obtained for 7" = 5,000 and 15,000.

Promoters are known to be associated with CGlIs, so one
possibility to be considered is that the association with CGI
clusters just reflects this fact. However, CGI-associated pro-
moters are enriched for general housekeeping genes (12, 14, 24)
and only weakly enriched for transcription factor and de-
velopmental genes (Table S3). When we subtract genes in CGI
clusters from the gene ontology analysis of total CGI-associated
genes, transcription factors and developmental genes no longer
register as significantly enriched (Table S3). Thus, housekeeping
genes are associated with single CGlIs, but many genes involved
with embryonic development, especially DNA-binding tran-
scription factors, have a special relationship with CGI clusters.

Discussion

In this paper we focused on CpG dinucleotides in coding regions,
and we made four main observations. First, genome-wide anal-
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ysis of CpG abundance in 4d codons, normalized for G+C, gives
a distribution in which most coding regions show the expected
depletion (CpGpom = 0.32), but ~10% of protein-coding genes
show much less depletion (CpGyorm > 0.6). These CpG-rich cases
include Hox and other homeobox-containing genes. In contrast,
coding regions of zinc finger-containing transcription factors are
CpG poor (CpGpom =~ 0.27) (Fig. 2). Second, a more detailed
analysis of CpG usage in Hox genes indicates that CpGs are
strongly preserved in coding regions and this preservation does
not depend on G+C content (Figs. 3 and 4). Third, the mam-
malian genome is organized so that a high percentage of DNA-
binding transcription factors and genes involved in development
are part of large regions marked by clusters of CGIs (Table 1).
Fourth, organisms such as D. melanogaster and C. elegans, which
do not have DNA methylation, do not show any of these features,
suggesting that epigenetic marking of CpGs by DNA methylation
is at the root of these differences (Figs. 2 and 3, Figs. S3 and S4).
We conclude that the special preservation over evolutionary time
of CpGs in a small portion (~10%) of coding regions is due to
pro-epigenetic selection. This selection can be due to either one
or both of (i) a function(s) for "CpG in some coding regions and
(if) protection from mutational depletion, for example, by hypo-
methylation in the germ line.

Pro-epigenetic Selection. Undoubtedly, methylated ™CpGs are
major marks for epigenetic regulation, affecting chromatin struc-
ture and gene regulation. Until very recently, one would assign
these functions mainly to the ™CpGs of noncoding DNA (pro-
moters, enhancers, insulators, etc.). However, several findings
suggest that mCpG in gene bodies has a function(s). First, recent
genome-wide methylation studies revealed a positive correlation
between transcription levels and gene-body methylation levels (2,
10, 14, 25). Second, by comparing M. musculus and H. sapiens
genomes, Medvedeva et al. (22) found that the synonymous sub-
stitution rate of CpG-containing codons is substantially reduced
where protein-coding exons overlap CGIs. Third, the sea squirt
Ciona intestinalis has a genome about equally divided between
methylated and unmethylated domains, with most gene bodies in
the methylated domain (10). Fourth, the DNA of the honey bee,
Apis mellifora, contains methylated DNA and Elango et al. have
found that its genome is equally divided into high-CpG and low-
CpG classes (26). These authors suggested that exons are the
primary target of DNA methylation and found that the high-CpG
genes in A. mellifora are enriched for genes associated with de-
velopmental processes. Finally, our detailed analysis of codon
usage in developmentally important Hox genes clearly establishes
that CpGs in these protein-coding regions are in some way pre-
served from mutational depletion.

CpG usage in coding regions could affect RNA structure sta-
bility, so this reason for preservation cannot be ruled out. Kon-
drashov et al. (27) calculated that synonomous sites are under
weak selection for G and C. But the strong selection we find for
Hox genes suggests something more. Bird and his colleagues
proposed that methylation of CpGs within CpG-rich coding
regions, such as found in the sea squirt, may reduce inappropriate

Table 1. Top five enriched Gene Ontology (GO) terms for genes
overlapping with CpG island clusters

GO accession GO biological process term Enrichment P value
GO0:0043565 Sequence-specific DNA binding 3.593 9.1e-66

GO0:0007389  Pattern specification process 3.191 6.11e-11
GO0:0007420 Brain development; 2.971 8.98e-10
GO0:0003700 Transcription factor activity 2.700 3.33e-52
GO0:0009790 Embryonic development 2.628 4.74e-11

For a complete list see Table S3.
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transcription (10). Also noncoding RNAs of intragenic origin
could function as antisense or as precursors of miRNAs; that is,
they could be an important part of complicated systems regulating
gene expression during development. An antisense transcript of
the M. musculus Hoxall gene is a particularly intriguing example
(28). Transcripts produced from the antisense strand overlap the
gene. Repression of the antisense transcript by the Hoxal1 protein
or mutual strand-symmetric repression cannot be excluded as well
(29, 30). Indeed, frequent C and/or G at the third position of
codons on the coding (sense) strand could notably increase not
only the 2D stability of mRNA but also the probability of long
ORFs on the complementary (antisense) strand. For example, the
antisense strand of Hox411 genes does have quite long reading
frames for putative antisense protein(s) (28), although not that
long as in the cases of actual sense—antisense coding (see, for ex-
ample, ref. 31). At any rate, it is clear that these two, antisense- and
MCpG-mediated, mechanisms are not alternative—they might
both, in a mutually tuned manner, be involved in regulation of
gene expression. Indeed, multiple methylated CpGs along the
coding sequence would change the interface between the gene
body and its regulators. Feedback self-regulation was suggested
long ago (32) and is quite characteristic for the Hox genes (28).

The key regulators of Hox gene transcription are Polycomb
group (PcG) proteins that belong to the zinc finger family. Re-
markably, coding regions of zinc finger genes show a CpGyorm
distribution that is similar to most coding regions and in sharp
contrast with Hox genes (Fig. 2). Indeed, it looks as if silent CpGs
are under surveillance of a particularly strong pro-epigenetic se-
lection in coding regions of the genes that not only regulate
transcription of functionally subordinate genes but are themselves
targets for such regulation. Further in silico studies of entire gene
networks of transcription factors are required to find out how
common is this difference in the CpGyom distribution (a signa-
ture of pro-epigenetic selection) between gene regulators and
gene targets of regulation. Genes in CGI clusters are of interest in
this regard.

Some regions are protected from methylation. Promoters have
been most studied in this regard. The majority of promoters are
contained within CGIs and are relatively rich in CpG, comprising
the HCG class noted by Saxonov et al. (12). Most HCG pro-
moters are not methylated in somatic cells and, although exper-
imental data are limited, are commonly thought also to be
unmethylated in the germ line. Being hypomethylated, these
promoters and CGIs would not be subject to hypermutagenesis at
CpG, thus explaining the lack of depletion over evolutionary time
(22). The rate of mutation in HCG promoters is, indeed, lower
than in most noncoding regions (12). This mechanism still
requires selection because the question becomes: What is pre-
venting the methylation of these CGIs and promoters? One hy-
pothesis is that these promoters are protected by the binding of
certain protein factors such as Spl (22) or Cfpl (33). However,
most coding regions that are associated with HCG promoters are
not protected from CpG depletion, so something must be dif-
ferent about the coding regions of high-CpGyorm genes.

A working hypothesis that reconciles several observations is that
some genes, especially those in CGI clusters, such as the Hox family,
are not methylated in the germ line. These genes are not intrinsically
resistant to methylation, as they show tissue-specific methylation in
somatic cells (2, 14). However, they may indeed be protected in the
germ line. It is known, for example, that the Hox genes are hypo-
methlated in sperm, whereas most genes are highly methylated
(2). Future work should involve analysis of the methylation status of
the high-CpGy,om class of genes during gametogenesis.

CGl Clusters. A striking finding is that DNA-binding transcription
factors and other developmentally related genes are strongly
associated with clusters of three or more CGlIs, whereas house-
keeping genes are associated with single CGIs (Table 1 and
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Table S3). This result raises the possibility that clustering of
CGIs is somehow part of the mechanism protecting some genes
important for development from CpG methylation in the germ
line but not in somatic cells.

Gene Regulation, Gene Duplication, and Evolution. The major tran-
sitions in evolution (34) seem to have been all crucially influenced
by “soft” epigenetic inheritance (35, 36). In particular, the role of
flexible epigenetic reactivation might be very critical in evolu-
tionary survival of young gene duplicates (18-20). Apparently, the
Hox genes are of interest in this regard (18-20).

There are several clusters of Hox genes in methylated genomes
of vertebrates (e.g., clusters of Hox A, B, C, and D in mammals),
but only one in nonmethylated genomes of invertebrates (e.g.,
Antennapedia-Bithorax cluster in D. melanogaster). Thus, each
Hox gene is represented by several paralogs of closely related se-
quence and function in methylated genomes, in contrast to a single
such gene in nonmethylated genomes. Presumably the clustering
of structurally and functionally similar genes as well as presence of
several such clusters is the result of gene and cluster duplications
followed by divergence of function. Mathematical modeling has
shown that tissue-specific epigenetic silencing and/or changes in
expression greatly aid retention of functional duplicates (20), es-
pecially for organisms such as vertebrates, which have a relatively
small effective population size. The duplication event may stimu-
late epigenetic silencing (ES) of excessive gene copies to reduce
possible dosage-based and/or other expression imbalances caused
by the duplication. It should be noted that if the duplicates are
identical, ES does not need to distinguish them, but may just sto-
chastically affect one or the other. Importantly, silencing is re-
versible; therefore, in a different tissue, in a stage of development,
or even in the next generation, ES may affect the other twin gene.
Either way, stochastic epigenetic silencing makes visible to selec-
tion first one duplicate and then the other, and this is all that is
needed to preserve them both. The important point is that selec-
tion must be applied soon after duplication to avoid degradation of
the duplicate to a nonfunctional pseudogene. This line of rea-
soning and the findings reported here suggest that CpG methyla-
tion, including exonic methylation, may favor the retention of
duplicates by aiding the rapid emergence of tissue-specific ex-
pression soon after duplication. This idea again suggests that the
intragenic CpGs studied in this paper could be involved in de-
velopmentally important regulatory circuits, consistent with the
observed pro-epigenetic selection.

Materials and Methods

The sequence data for protein-coding genes and information on Gene On-
tology were retrieved from the Ensembl database v. 56 by custom Perl API
scripts. The list of genes containing specific protein domain was also retrieved
from the Ensembl database v. 56, using the appropriate InterPro entries.

The gene alignment was in two steps: First we aligned the amino acid
sequences using the MUSCLE release 3.6, and then from this amino acid
sequence alignment we reconstructed the nucleotide one using a Perl script
based on aa_to_dna_aln function included in BioPerl package release 1.6.0.

For statistical analysis of 4d codon variation within the corresponding
quartets, we used the R software version 2.9.2. Primary data were retrieved
from the Codon Usage Database at http://www.kazusa.or.jp/codon/. For each
particular codon, we calculated its variation as 100 x (Uy — Ug)/ Ug, where Uy
and Ug are its frequencies (measured in percent, relative to the other three
synonymous codons in the quartet) averaged for Hox genes (Uy) and the
whole genome (Ug), respectively.

For simulation studies, the Hox gene replicas were generated using
a custom Perl script that retains the same amino acid sequence but chooses
the codons proportionally to their genomic frequencies. For each simulated
Hox gene replica, the number of CpG sites at 4d codons was calculated and
compared with the number of CpGs in the real Hox gene.

To study the general frequency pattern of CpG sites in 4d codons, we used,
as a first approximation, the approach described in ref. 27. All 4d codons
(blue and green in Fig. 1) were divided into four nonoverlapping groups in
which the third (silent) nucleotide was (i) preceded by C (i.e., can be denoted
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as postC), (ii) followed by G (preG), (iii) preceded by C and followed by G
(postCpreG), and (iv) neither preceded by C nor followed by G (nonCpG). The
first three are CpG-prone groups. In cases with multiple transcripts, we al-
ways selected for analyses the longest one. As an integral measure of se-
lection acting in favor of silent CpGs despite their high mutability in
methylated genomes, we used the CpG,,orm index defined as the ratio of the
observed numbers of CpGs in 4d CpG-prone sites of the gene (CpGops), di-
vided by the number expected from the C and G content in 4d nonCpG sites;
ie.,

CpGons
CpGeyp
CpGeyp = Nposic X[ (G)noncpc T NpreG X f(Cnoncpa
+ NpostcpreG X[ (C)noncpc HNpostcpreG X (G) noncpa»

CpGnorm =

where Npostc, Nprea: and Noostcpre are the total numbers of postC, preG, and
postCpreG sites in the gene, and f(C)noncpa [f(Gnoncpal is the fraction of C
(G) at non-CpG sites.

The reverse ratio, CpGeyp/CpGops, can be used as a measure of CpG mu-
tational depletion, CpGgep- In this case, we assume that the frequencies of C
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and G in non-CpG sites roughly reflect the frequencies of C and G at CpG
sites in the ancestral state, before their methylation-induced hypermuta-
bility. The assumption seems reasonable because we use for estimation of
both CpGporm and CpGgep ONly 4d codons in which all mutations at the third
position are amino acid sequence neutral. Thus, if the silent CpG sites from
blue codon quartets were not methylated, they would be mutagenically
equipotent with the silent non-CpG sites from green codon quartets (Fig. 1).

A kernel density plot was used to represent the distribution of CpGorm
values for different sets of genes. The function “density” in the R package
with default option was used to evaluate the kernel density.

For CGlI cluster analysis, information on CGl location in each chromosome
was retrieved from Ensembl database v. 57. CGI clusters are defined as de-
scribed in S/ Text. Genes belong to a CGI cluster if they totally or partially
overlap with a CGI cluster. Overrepresented Gene Ontology categories were
identified using Gene Ontology Statistics (GOstat) bioinformatics software,
applying Benjamini correction for multiple testing (37).

The complete list of CpG,orm Values can be obtained as a spreadsheet from
S.B., S.N.R., or AD.R.
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