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Comparative genomics of CpG dinucleotides, which are targets of
DNA methyltransferases in vertebrate genomes, has been con-
strained by their evolutionary instability and by the effect of meth-
ylation on their mutation rates. We compared the human and chim-
panzee genomes to identify DNA sequence signatures correlated
with rates of mutation at CpG dinucleotides. The new signatures were
used to develop robust comparative genomics of CpG dinucleotides
in heterogeneous regions and to identify genomic domains that have
anomalous CpG divergence rates. The data showed that there are
~200 genomic regions where CpG distributions are far more con-
served than predicted. These hyperconserved CpG domains largely
coincide with domains bound by Polycomb repressive complex 2 in
undifferentiated human embryonic stem cells and are almost exclu-
sively present near genes whose products are involved in the regu-
lation of embryonic development. Several domains were experimen-
tally shown to be unmethylated at different developmental stages.
These data indicate that particular evolutionary patterns and distinct
sequence properties on scales much larger than standard transcrip-
tion factor-binding sites may play an important role in Polycomb
recruitment and transcriptional regulation of key developmental
genes.

comparative genomics | development | DNA methylation | epigenetics |
evolution

xidative deamination of 5-methylcytosine (m>C) converts the

base to thymine, and most m>CpG dinucleotides in vertebrate
genomes are rapidly (1, 2) mutated to TpG or CpA. For example,
>20% of the CpGs have diverged in the otherwise 99.2% identical
human and chimp genomes. Unmethylated CpG dinucleotides are
mutated at normal rates, and regions with low levels of methylation,
such as CpG islands (3, 4), have consequently higher CpG contents
than regions with high levels of methylation. Conservation of CpG
dinucleotides may therefore be a consequence of low germ-line
methylation or of purifying selection against the loss of functional
CpGs. Here we show that the sequence context of a CpG can be
used to accurately model its divergence rate, in accordance with
recent evidence on the correlation between sequence context and
methylation levels (5-7). Our model predicts that CpG divergence
rates vary by a factor of 40 as a function of sequence context and
show that context-aware models are essential for the analysis of
CpG evolution in heterogeneous regions.

We suggest that comparative genomics offer insights into long-
standing questions as to the function of DNA methylation. We
demonstrate this by identifying genomic regions in which CpGs are
far more conserved than expected. These hyperconserved CpG
domains (HCGDs) we identify show extensive overlap with regions
bound by Polycomb repressive complex 2 (PRC2) and are observed
almost exclusively at genes related to the regulation of embryonic
development.

Results

Sequence Context of Conserved and Diverged Primate CpG Dinucle-
otides. The sequence context of 8 million CpG dinucleotides that
are located in nonexonic and nonrepetitive regions of the human
genome was computed [supporting information (SI) Fig. 5]. The
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results reveal high information content in the sequences surround-
ing CpG dinucleotides, including a strong 10- to 10.5-bp periodicity
for the densities of dinucleotides around CpGs. As shown in Fig. 14,
the ApA, TpT, and TpA dinucleotide densities are periodic and in
phase with the location of the CpG (peaking at intervals of 10 bp),
whereas GpC dinucleotides have a similar periodicity but a phase
that peaks at 5 bp from the CpG. The 10-bp periodicities and the
anticorrelation between ApA/TpT/TpA and GpC dinucleotides
have been shown to correlate with nucleosome positioning in vivo
(8, 9). According to the nucleosome positioning model, the ApA/
TpT periodicity peaks where the DNA minor groove faces inward
toward the center of curvature (10). The phasing of CpG relative
to ApA and TpT suggests that CpG dinucleotides tend to be in
contact with histone octamers rather than exposed on the nucleo-
some surface. Similar periodicities around CpG dinucleotides are
observed in the mouse genome (data not shown). Because most
CpG dinucleotides outside of CpG islands are methylated (11), core
histones or specific histone variants are likely to be involved in the
recognition of methylated CpG dinucleotides and the inhibition of
transcription initiation. Alternatively, CpGs that are protected by
nucleosomes may be more stable evolutionarily, possibly because
they are less prone to methylation and deamination. Analysis of the
sequence context around CpGs in CpG islands did not reveal strong
periodicities (Fig. 14 Right). This lack of periodicity may suggest
that CpG islands are not organized into nucleosome arrays or that,
inside CpG islands, CpGs are protected from methylation using
mechanisms other than the nucleosomes.

Comparison of the human and chimp genomes (12) showed that
conserved and diverged CpGs are typified by distinct sequence
contexts (SI Fig. 6). Analysis of the sequence contexts shows that
CpG dinucleotides that have diverged between human and chimp
are less likely to be embedded in nucleosomal patterns than are
conserved CpGs (Fig. 1B). In general, conserved CpGs are located
in contexts with higher G + C content, even when only non-CpG
island loci are considered. Specific dinucleotide preferences at the
positions flanking the CpG are also correlated strongly with
divergence at the CpG locus. For example, CpGs located 3’ to an
adenine are 60% more likely to mutate to TpG than are CpGs
located 3’ to a thymine (Fig. 24).

Predicting CpG Divergence from the Sequence. We used comparisons
of sequence context of conserved and diverged CpGs to identify
sequence correlates of CpG divergence rates and to determine
whether the slow divergence rate of CpGs in CpG islands represents
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Fig. 1. Dinucleotide periodicities around CpG dinucleotides. (A) Nucleosome-like dinucleotide distributions around CpG dinucleotides. (Left) Shown are the

dinucleotide densities around 8 million intergenic nonrepetitive human CpG dinucleotides that are not part of CpG islands. The data show strong periodicity of
ApA/TpT/TpA dinucleotide densities peaking at 10-bp intervals from the CpG. GpCs densities are also periodic but peak at 5-bp distance from the CpG. Similar
periodicities are known to be associated with sequences that are tightly bound to nucleosomes. CpG islands lack both ApA/TpT/TpA and GpC nucleosomal periodicities
(Right). (B) CpGs that are diverged in chimp exhibit weaker periodicities. Shown are dinucleotide frequency data for 650,000 human CpG dinucleotides that mutated
to TpG or CpA in chimp. The profiles reveal much reduced ApA/TpT/TpA and GpC periodicities and lower G + C content (see SI Fig. 7 for further analysis).

a binary effect that partitions CpGs into two evolutionary regimes
(fast or slow evolving), or whether the sequence contexts surround-
ing CpGs determine a continuum of divergence levels. To distin-
guish between these two possibilities, we developed a probabilistic
model that computes a mutability score (M-score) for each CpG
dinucleotide by summarizing information from the flanking
dinucleotides in the —200 to +200 range (SI Fig. 7 and Methods).
Low M-scores (low rates of divergence) are associated with high G
+ C content and/or high predicted nucleosome affinities; high
M-scores are associated with high A + T content and/or low
nucleosome affinity. We predict the divergence probability of a
CpG by empirically estimating the fraction of diverged CpGs from
a large set of CpGs with similar M-scores in genomic regions that
exhibit similar non-CpG divergence rates (Fig. 24 and Methods).
The M-score provides a continuum of predicted divergence prob-
abilities and is generalizing the current partition of genomic se-
quences into CpG islands and nonisland regions (SI Fig. 8),
eliminating the need of arbitrary thresholds of G + C content, CpG
density, and length (3). Indeed, divergence is shown to quantita-
tively correlate with both the M-score and regional mutation rate
(Fig. 2 B and C). The increase in divergence is gradual and linear,
from low probabilities (=0.01) at M-score values that are deep in
the CpG island range (—40) to higher probabilities in the interme-
diate island/nonisland range (—20 to —10) to very high probabilities
(0.4) for CpGs with M-scores >10. We discuss some possible
evolutionary and functional implications of the M-score in SI Note
1 and SI Figs. 9 and 10 and show that M-score values strongly
correlate with experimentally determined methylation levels. The
M-score normalizes background probabilities of CpG divergence
based on sequence context to allow identification of genomic
regions that are evolving at anomalous rates. Normalization against
sequence context is crucial because, as shown above, CpG diver-
gence probabilities can span almost 2 orders of magnitude even
within a small genomic region (i.e., the introns and promoter region
of a single gene).

Identification of HCGDs. A new statistical score, termed context-
based CpG analysis of divergence (COCAD), compares the actual
rate of human—chimp CpG divergence to the rate predicted by
M-scores and regional non-CpG divergence rates (Fig. 34). The
null hypothesis used by COCAD assumes that CpGs are evolving
independently from each other with rates that are determined by
their sequence contexts. Negating this null hypothesis for a genomic
interval is an indication for some regional modulation of CpG
divergence rates that is not predicted by our current model. For
example, a large CpG island would achieve a significant COCAD

5522 | www.pnas.org/cgi/doi/10.1073/pnas.0609746104

score only if the CpG dinucleotides in the island are evolving more
slowly than CpG dinucleotides in other CpG islands of equivalent
length and dinucleotide composition. The global COCAD score
distribution (SI Fig. 11) reveals that the model predicts CpG
divergences within statistical reason (—3 <Z score <3) for 95% of
the genome, suggesting that for most of the genome, sequence
context and regional divergence rates predict CpG divergence
accurately. Divergence in the rest of the genome is hypothesized to
be affected by additional factors, including (but not restricted to)
changes in methylation level and selection.

As shown in Fig. 3B, =200 nonoverlapping genomic regions had
COCAD scores below —5 (corrected P < 1076; see SI Table 1 for
an annotated list). We termed these regions HCGDs. Of the 200
HCGDs, 59 are located within sparsely annotated genomic regions,
many of which harbor conserved regions and uncharacterized CpG
islands. Of the remaining 134 HCGDs, 128 (95%) overlap genes
that encode known or putative developmental regulators, nearly all
of which are known transcription factors. The list of HCGDs
includes almost 100 key developmental loci (HOX clusters, FOX
genes, TBX genes, and more), as well as developmental signaling
genes and genes implicated in cancer and differentiation of immune
cells. As shown in Fig. 4, HCGDs frequently contain multiple
regions annotated as CpG islands, many of which are not associated
with the 5" exon of a gene. The screen for HCGDs is not biased
toward large CpG islands (which may also be overrepresented near
developmental regulators), because the observed divergence at
HCGDs is much lower than predicted by the M-score, which
corrects for the slow divergence at CpG islands. HCGDs do not
correspond to regions of general hyperconservation (13), because
the COCAD assay controls for regional mutation rates and the
regions immediately flanking HCGDs were found to have back-
ground conservation values similar to those inside the domain (SI
Fig. 12), whereas conservation of CpG distributions was observed
only inside the domains.

CpG Conservation Predicts PRC2-Binding Sites. The distribution of
HCGDs was compared with genome-wide binding profiles of the
Suz12 component of PRC2 in human ES cells (14). Fig. 44 shows
that PRC2-binding profiles strongly resemble the profiles of
HCGDs, even though COCAD scores are based only on evolu-
tionary dynamics and Suzl2-binding profiles were determined
experimentally. Overall, 69% of the HCGDs are within 10 kb of a
high-significance PRC2-binding locus, and HCGDs near genes that
encode developmental regulators overlap a PRC2 domain at 85%
of the loci (and for 95% of the genes, several HCGDs cover clusters
of related genes). This is a much higher fraction than the overall
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Fig. 2. M-scores, regional mutation
rates, and their effect on CpG diver-
gence rates. (A) Flanking nucleotides
predict CpG mutation rate. Shown are
the fractions of human intergenic
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enrichment of PRC2 sites near developmental regulators (14-17).
The strong association between PRC2 binding and domains of
hyperconserved CpGs is further demonstrated by the presence of
PRC2 domains near 63% of the 59 HCGDs that are not adjacent
to well characterized genes; the expected value is <1% (P <
107199), Furthermore, PRC2 domains associated with HCGDs are
much larger than average PRC2 domains [6,073 vs. 1,988 bp; P <
10722 (Kolmogorov-Smirnov test)]. Although most HCGDs and
PRC2-binding domains contain CpG islands, and many contain
multiple islands, their overlap cannot be explained by a common but
uncorrelated bias toward CpG islands, because the majority of CpG
islands lack both CpG conservation and PRC2 binding domains (SI
Fig. 13). Furthermore, it was formerly noted that HOX clusters
have much lower densities of Alu transposons than expected (18).
As shown in Fig. 44, this is also true of other genomic regions
associated with PRC2-binding and HCGDs even when only single
genes are involved.

To gain preliminary insights into the epigenetic status of CpGs

Tanay et al.

ders of magnitude.

at HGCDs, we measured methylation levels in three conserved
regions near the HOXD, TBX5, and FOXAI loci. We performed
methylation analysis by the method of Rollins ef al. (11) on DNA
from human embryonic stem cells (hESC), brain, and sperm.
Regions with COCAD scores less than —5 were found to be
unmethylated. This, as well as indirect computational evidence (S/
Note 2 and Fig. 14), suggests that a large factor in the slow rate of
CpG divergence in HGCD:s is the lack of methylation in the germ
line rather than selection against mutated CpG dinucleotides.

Discussion

In this work, we establish basic molecular-level understanding of the
ways by which patterns of CpG dinucleotides evolve in mammalian
genomes. According to the results, the evolution of CpG distribu-
tions is driven by a complex combination of a context-dependent
mutational process, variation in germ-line methylation levels, and
selection against loss of functional CpGs. The context-dependent
mutational process renders CpGs in mutation-favoring sequence
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Fig. 3.

HCGDs. (A) The COCAD assay. Shown are the observed (red) and predicted (green) number of human or chimp CpGs that are not conserved in a 20-kb

sliding window at part of chromosome 5p. The prediction is based on the M-score of each CpG and can vary significantly depending on the sequence context
of the CpG. An anomalously low CpG divergence at the Iroquois homeobox protein 2 (IRX2) and CE/ genes is shown (Center), and the difference between observed
and predicted divergence is transformed to a statistical score (blue, Lower). Genomic loci with COCAD scores lower than —5 are defined as HCGDs. (B) HCGDs
are located near genes for key developmental regulators. Of the 134 HCGDs that are near characterized genes, 128 are near genes related to regulation of
developmental processes. (C) Chromosomal distribution of HCGDs (blue) and PRC2 domains (red).

contexts up to 40 times more mutable than CpGs in mutation-
resistant contexts. Changes in germ-line methylation levels may be
responsible for much of this variability by increasing the rate of
5-methylcytosine deamination in highly methylated regions. Selec-
tion on functional CpGs also plays a major role and is likely to
constrain a substantial subset of the genomic CpGs (SI Fig. 10). All
three factors are together shaping a challenging evolutionary land-
scape, contributing to the still-elusive functional role of DNA
methylation in central processes of vertebrate biology.

The pressures that shape CpG distributions are not readily
identified by standard comparative genomics methods. We there-
fore developed methods to model sequence contexts and to for-
mulate their affect on CpG evolution, deriving a detailed model
that predicts correctly the evolution of CpGs in >95% of the
nonrepetitive genome. Using this model, we identified a set of
HCGDs and studied their properties in detail. We envision a new
generation of evolutionary models that could capture both the
neutral and functional consequence of higher levels of genomic
organization. The link we report between CpG dinucleotides and
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the nucleosome positioning pattern (Fig. 1) underlines the complex
and interdependent nature of the epigenetic effects on the genome
and leads toward highly integrated evolutionary models geared
toward expressing this complexity.

The sources of sequence specificity for the assembly of Polycomb
repressive complexes and the interactions between them and other
factors remain largely unknown. The anomalous conservation of
CpG distributions at PRC2-binding domains may have several
implications. Polycomb complexes may be shielding regulatory
domains near key regulators against aberrant DNA methylation.
Alternatively (or in addition), CpG conservation at HGCDs may
suggest that the recognition of long regions rich in unmethylated
CpG dinucleotides is involved in the recruitment of PRCs. In any
case, the depletion of Alu elements from HCGDs/PRC2 domains,
together with recent experimental evidence (19), suggests that these
loci may be under selection to maintain their higher level organi-
zation, indicating that sequence properties on scales much larger
than standard transcription factor-binding sites may play an impor-
tant role in gene silencing. Such highly organized regions are rare,

Tanay et al.
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Also plotted are Alu elements (green) and CpG islands (gray). The COCAD and Suz12 profiles, although obtained by unrelated methods, show strong similarity. The
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different from 0 (see S/ Text). (B) HCGDs are unmethylated in human ES cells, sperm, and brain. Resistance to McrBC (a methylation-dependent endonuclease complex)
and sensitivity to Hpall (a methylation-inhibited restriction endonuclease) show that regions with low COCAD scores and high PRC2 association are unmethylated at
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except in the vicinity of important regulators of embryonic pat- Basically, we assume that the sequence context of conserved

terning that are complexed with PRC2 in undifferentiated human  CpGs is characterized by the dinucleotide distribution p(d, i), and

ES cells. As more experimental and evolutionary data become  that the sequence context of plus (minus) strand deaminated CpGs

available, the mechanisms by which Polycomb repressive complexes  is characterized by the dinucleotide distribution p.(d, i) (p(d, i)).

are directed to specific loci will be further revealed. The M-score for a CpG at position i inside sequence context s is
defined by summing up log odds:

Methods

Data Collection. Genomic sequence, features, and alignments were Plus strand deamination:

downloaded from the University of California, Santa Cruz, genome M.G) = ) 1 P+ ilsTi 4+ + 11,7
browser site (20) and from refs. 14 and 21. For additional infor- +0) =2 -2005j<200 10g(p -+ (s1F +J1sLi + ) 1.9/
mation see SI Text. p(sli +jlsli +j + 11, ).

Probabilistic Modeling of CpG Divergence and the M-Score Model. All Minus strand deamination:

nonrepetitive intergenic CpGs in the human genome were parti- . e .
tioned into four groups: chimp-conserved, chimp-plus-deaminated M_(i) = % _290<j<200 log(p - (s[i + jls[i +j + 11, j)/

(CpG—TG), chimp-minus-deaminated (Cp—CpA), and other.
For each group, the dinucleotide counts at each position relative to
the CpG (—200 to +200) were collected. Denote the densities of a
dinucleotide d at relative position i by:

p(sli +jlsli +j + 11, ).

Summing up >200 values provides similar results to those
reported here. In principle it is possible to transform the M-score
log odds directly into posterior deamination probabilities. Alterna-

p(d.i) for conserved CpGs tively, as done here, one can use the M-score, together with

p-(d, i) for plus strand deaminated CpGs additional factors (here the regional mutation rate) to construct an
empirical background hypothesis for the rate of evolution of CpG
p-(d, i) for minus strand deaminated CpGs. distribution (see below).
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Computing Regional Mutation Rates. Regional mutation rates were
computed by counting human-chimp conserved and diverged
nonrepetitive, non-CpG nucleotides in windows of 20 kb. Low-
quality alignments (divergence >10%) were excluded from the
analysis. Rates were computed separately for intronic and inter-
genic regions. Windows with <500 intergenic (intronic) nonrepeti-
tive and aligned nucleotides were excluded from the analysis.

Computing Empirical CpG Divergence Rates in Bins of Regional Rate
and M-Score (Fig. 2B). CpGs dinucleotide in the aligned human and
chimp genome were grouped into 2D bins according to their
regional mutation rate and M-score, using mutation rate bins of size
0.002 and M-score bins of size 2. M-scores were computed from the
human sequence (computing M-scores from the chimp sequence
provide very similar results). For each bin, the joint distribution of
human and chimp dinucleotides was assessed and denoted by:

0y(dy, d>) = fraction of aligned d1 (human)
and d2 (chimp) in bin b.

The joint distribution was reconstructed separately for intergenic
and intronic sequences, with very similar results, intron being
slightly more conserved. To gain accuracy, the two distributions
(intergenic and intronic) were used separately (see below). Fig. 2B
represents the CpG divergence rate in intergenic bins by plotting:

1 - 0,(CG,CG)/2,0,(CG,d).

The COCAD Assay. The COCAD assay is a simple heuristic appli-
cation of the M-score model and the Q) empirical distributions.
After extensive experimentation with principled maximum-
likelihood-based models (which will be described elsewhere), the
empirical approach was preferred as being conservative and robust.
The empirical approach does not attempt to reconstruct the an-
cestral sequence or to model the irreversible deamination process
explicitly. Instead, the COCAD background hypothesis assumes
that CpGs are evolving independently once their M-score and
regional divergence rates are given. The divergence probabilities
are computed by using the Q) distributions, and the assay is
analyzing only genomic positions with a CpG in either the human
or chimp genome. It is thus ignoring positions that possibly lose a
CpG in both lineages and rely on the relative proximity of the chimp
and human genome to increase the probability that the vast
majority of CpGs in the human-chimp ancestral genome were
conserved in at least one of the species. The COCAD assay tests the
neutral hypothesis in a sliding window (here of size 20 kb). In a given
window, all loci bearing a CpG in either the human or chimp
genomes are being considered. For each such CpG, the observed
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divergence equals 1 if the CpG was not conserved between human
and chimp and zero otherwise. The divergence probability for that
CpG is computed by looking up the joint distribution of the bins
defined by the locus’s regional mutation rate and plus- and minus-
strand M-scores. Note that we are heuristically averaging the
estimates from the two-stranded M-scores, and that these are
typically very similar. Denote the appropriate bins as pb for the
plus-strand M-score and mb for the minus-strand M-score. The
divergence probability is defined as:

1 = (Q,,(CG,CG)/p,cc + Qmp(CG,CG)/p,uca)/2,

where ppcg = (2aOp(CGd) + 2:0,1(d,CG) — O,p(CG,CG))
(fraction of positions with at least one CpGs in the positive mscore
bin) and pincc = (2aOm(CGd) + 240mp(d,CG) — O,in(CG,CG))
(fraction of positions with at least one CpGs in the negative mscore
bin).

The Q distributions are intergenic or intronic according to the
genomic context, and the summation is done over all d dinucleoti-
des. The COCAD score equals the Z score of the sum of observed
divergences for all CpGs in the window, given the total expected
divergence and assuming the variance to be the sum of individual
CpG variances [p(I — p), where p is the CpG divergence proba-
bility]. To use the Z score for normal estimation of P values, one has
to consider windows with sufficiently high expected divergence
(e.g., more than six), which is almost always the case for 20-kb
windows and the divergence rates typical to the human—chimp
lineage.

Methylation Profiling. Regions within the hyperconserved domains
were selected for Southern blot analysis based on high COCAD
score, high Suz12 binding, and substantial numbers of McrBC and
Hpall sites. High-molecular-weight DNA was subjected to two
rounds of digestion with McrBC or Hpall, followed by digestion
with a methylation-insensitive enzyme so that the region could be
visualized as a discrete band (BamHI for 7BXS, Pvull for FOXA1,
and Xmnl for HOXD). The samples were also digested with an
additional methylation-insensitive enzyme that did not cut within
the region but reduced the background on the blots (SphlI for Tbx5
and Xbal for FoxA1 and HoxD). Control samples were prepared by
methylating the DNA at all CpG dinucleotides with M.SssI before
digestion. Details of the methods can be found in Rollins et al. (11).
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