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Review
DNA methylation was the first epigenetic modification
discovered. Until recently, comprehensive coverage of
the composition and distribution of methylated cyto-
sines across the genome was lacking. Technological
advances, however, are providing methylation maps
that can reveal the genomic distribution of DNA methyl-
ation in different cell states or phenotypes. The emerg-
ing picture includes extensive gene body methylation
that is highly conserved in eukaryotes, the presence of
DNA methylation in previously unappreciated sequence
contexts, and the discovery of another modified DNA
base, 5-hydroxymethylcytosine. These new data point to
the role of DNA methylation both in gene silencing and
gene activation; reconciliation of these seemingly con-
tradictory roles will be essential to fully unravel the
biological function of DNA methylation in eukaryotes.
Here we review how these recently exposed features of
the DNA methylome are challenging previously held
dogmas in the field.

DNA methylation: a brief background
The genetic information in a cell is encoded in DNA, which is
tightly packaged around an octamer of eight core histones
within the nucleus, forming a dynamic structure known as
chromatin [1]. In eukaryotic organisms including plants,
animals and fungi, chromatin is subjected to enzymatic
modifications at both the DNA and protein levels, which
impart an additional layer of heritable information on the
DNA code that is important for regulating proper gene
expression. For instance, correct deployment of develop-
mental programs and the maintenance of cell fates rely
on precise and timely activation or repression of gene ex-
pression. It is now evident that multiple dynamic modifica-
tions, commonly known as epigenetic modifications, are
involved in modulating chromatin structure such that it
becomes suitable for gene transcription or silencing. Such
epigenetic mechanisms include DNA methylation, post-
translational histone modifications, and chromatin remo-
delling [2]. Notably, numerous human malignancies exhibit
alterations in epigenetic processes, and aberrant DNA
methylation is currently the best-characterised epigenetic
hallmark for a number of pathologies including cancer;
cancer cells are characterised by both global and gene-
specific loss of DNA methylation, as well as hypermethyla-
tion of specific promoters [3–5]. DNA methylation, therefore,
is vital for gene expression during normal development and
in disease aetiology. It plays a crucial role in genomic
imprinting, X-chromosome inactivation, genome stability,
and the long-term silencing of retrotransposons and
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repetitive elements [6]. The heritable covalent addition of
a methyl group at the fifth carbon of cytosine residues in
DNA (5meC), referred to as DNA methylation, is catalysed by
DNA methyltransferases (DNMTs) primarily in the se-
quence context of CpG dinucleotides where it impacts gene
expression and activity in a heritable manner [7]. In verte-
brates, 70–80% of CpG dinucleotides in the genome are
methylated, with the exception of short conspicuous clusters
of CpG dinucleotides, called CpG islands (CGIs), which are
at least 200 bp long and have a high GC content. These
regions of unmethylated CpG dinucleotides are generally
characterised by transcriptionally permissive chromatin
and punctuate the genome at transcription start sites and
at approximately 70% of gene promoters [8,9]. The mechan-
isms that establish and maintain unmethylated CGIs
remain largely unknown, although DNMTs, histone mod-
ifications, transcription factors and chromatin-modifying
complexes are known to be involved [8–12]. Although the
majority of promoters are associated with unmethylated
CGIs, some methylated tissue-specific CGI promoters have
been identified during early development and in differenti-
ated tissues. Overall, CGI promoter methylation is associ-
ated with silencing of gene expression; examples include X-
chromosome inactivation, genomic imprinting and germ-
line-specific methylation. Gene silencing by DNA methyla-
tion is achieved through different mechanisms: (i) the
presence of 5meC can directly inhibit the specific binding
of transcription factors or (ii) methyl-binding domain pro-
teins (MBDs) directly recognise methylated DNA and re-
cruit repressive chromatin-modifying complexes [13].
Despite over 50 years of research, our knowledge of the
scope of the functional importance of DNA methylation in
eukaryotic systems has repeatedly been described as being
only the tip of the iceberg. Many questions remain regarding
how DNA methylation regulates gene expression, ultimate-
ly influencing both normal cellular differentiation and dis-
ease aetiology. Ingenious technologies developed in recent
years have triggered a cascade of new insights into the
secrets of DNA methylation in gene regulation. Before the
development of these high-throughput technologies, DNA
methylation could only be determined for specific loci either
via assays that use methyl-sensitive restriction enzymes or
via chemical deamination with sodium bisulfite followed by
Sanger sequencing [14]. These methods have been adapted
to enable genome-scale DNA methylation analysis by com-
bining microarrays or high-throughput DNA sequencing
with: (i) enrichment of methylated genomic DNA fragments
using either antibodies specific for 5meC or methyl-binding
proteins (e.g. MeDIP-seq and MethylCap-seq) [15–18]; (ii)
bisulfite-based methods that selectively deaminate
unmethylated cytosine but not 5meC, thereby promoting
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discrimination of the methylated cytosine (e.g. Infinium
assay and reduced representation bisulfite sequencing,
RRBS) [6,19]; or (iii) digestion with methylation-sensitive
restriction enzymes for fractionation of only methylated or
unmethylated DNA (e.g. comprehensive high-throughput
arrays for relative methylation, CHARM; and HpaII tiny
fragment enrichment by ligation-mediated PCR, HELP)
[20–23]. Although each of these methods can accurately
translate DNA methylation measurements, each has differ-
ent strengths and weaknesses with regard to genome cov-
erage, resolution, reproducibility, sensitivity and cost
[24,25].

In this review we highlight the huge leaps made towards
unravelling the DNA methylation landscape, with a focus
on several surprising recent discoveries. Notably, the
emerging picture of the highly conserved yet diverse geno-
mic distribution of eukaryotic DNA methylation in which
intragenic DNA methylation plays a major role in mam-
malian gene regulation is discussed [26,27]. These findings
challenge the previously held view that DNA methylation
regulates mammalian gene expression primarily through
50 promoters. In addition, identification of the presence of
non-CpG methylation in mammals and the discovery of 5-
hydroxymethylcytosine have been surprising and point to
the multiple levels through which DNA methylation reg-
ulates gene expression [28–30]. This is in stark contrast to
the long-held notion that CpGs are the only known meth-
ylated dinucleotides in mammals.
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The initial explosion of DNA methylome data
Completion of the Human Genome Project provided a com-
prehensive platform of genomic maps and catalogues that
permitted the accurate inference of gene structure and
detection of changes across the genome [31]. Indeed, the
genome proved to be far more complex than expected.
Consequently, the study of distinctive functional domains
associated with specific epigenetic patterns in the genome
was recognised as being of equal importance [31]. High-
throughput, next-generation deep sequencing technologies
have facilitated in-depth mapping of the global distribution
of DNA methylation and chromatin modifications at single-
base resolution throughout the genome, thus allowing pre-
cise measurement of their extent and location at specific loci
[25,32]. Notably, the combination of powerful modern geno-
mics with the study of the complete set of DNA methylation
modifications of a cell, coined the DNA methylome [33], has
provided an important platform from which to extract DNA
methylation information from complex genomes. The preci-
sion afforded by these latest technological advances has
revealed surprising new insights into the dynamics of
DNA methylation and, most importantly, has led to an
explosion of data that can ultimately be layered on top of
genome sequences to provide a more descriptive genomic
physiology for distinct cell types. First, the presence of
extensive 5meC in a non-CpG sequence context, as confirmed
by bisulfite ultra-deep sequencing methods [29,30,34], has
reinvigorated the field. These studies have shown that
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Box 1. 5-Hydroxymethylcytosine, a DNA modification

closely related to 5-methylcytosine

The traditional view of methylated cytosine being the only modified

DNA residue in mammalian genomes has been challenged by recent

confirmation of the presence of 5-hydroxymethylcytosine [36,37].

Intriguingly, the presence of 5hmC in mammalian DNA was first

described approximately 40 years ago [70], but because of technical

limitations the results could not be corroborated until recently with

the use of high-precision mass spectrometry [36,37]. The ten–eleven

translocation (TET) family of enzymes catalyses the oxidation of 5meC

(in CG dinucleotides) to 5hmC, and thus fuels the hypothesis that this

mechanism might regulate gene expression and/or represent an

intermediate form of an active DNA demethylation process [71]. To

date, 5hmC has only been implicated in passive DNA demethylation

through interference with binding of MBD proteins and their

associated chromatin-modifying complexes [72]. Owing to the great

similarities between 5hmC and 5meC, the widely used bisulfite-based

technologies have been incapable of distinguishing these two

modifications and consequently no functional distinctions have been

made [73,74]. Therefore, there is great need for sensitive and

unbiased whole-genome approaches that can distinguish between

these two closely related modifications. New techniques and

technologies that can specifically detect 5hmC are currently being

developed, and some have already provided new insights into 5hmC

genomic distribution [35,75]. For instance, the newly described direct

detection technology through single-molecule real-time (SMRT)

sequencing has predicted that 5hmC might also be present in non-

CpG contexts [35]. The jury is still out on the function of 5hmC;

however, the observation that 5hmC seems to be present at

physiologically relevant levels in a tissue-specific manner implies

that this modification could potentially have great biological sig-

nificance.
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methylation of CpHpG and CpHpH trinucleotides (H=A, T,
C), although predominant in human embryonic stem cells
(hESCs), is also present in differentiated cells (Figure 1a).
Specifically, of the 20% of methylated cytosines in a non-
CpG context in hESCs, 5meCpA was the most prevalent,
with a similar profile to that of 5meCpG across the genome
[29]. In addition, the methylation profile for 5meCpA was
conserved in differentiated cells and included the same sites
as in hESCs. These data raise intriguing questions regard-
ing the functional significance of non-CpG DNA methylation
and how the DNA methylation machinery is directed to
these specific sequences. The challenge, therefore, is to
determine both the function of non-CpG methylation in
gene regulation and the principal components of the meth-
ylation machinery that are essential for establishing these
complex DNA methylation patterns.

A second confounding variable in DNA modifications of
the genome is the identification of a novel DNA nucleotide, 5-
hydroxymethylcytosine (5hmC), which is generated from
5meC within a CpG context (Box 1) [35–37]. Collectively,
DNA methylation maps have undoubtedly highlighted the
crucial interplay of dynamic mechanisms that regulate DNA
methylation at CpG and non-CpG sequence contexts and
through hydroxymethylation; however, technical limita-
tions must still be overcome to fully understand these
interactions [38,39].

Gene-body DNA methylation: an ancient eukaryotic
genomic landmark
One of the most exciting and revolutionary new discoveries
in the field relates to the abundant levels of DNA methyl-
ation found within the bodies of active genes in protein-
coding regions. Although genome-wide methylation of gene
bodies was first described in Arabidopsis thaliana, where it
was associated with active genes [38], there had been
previous reports of CpG methylation downstream of a
transcription site, albeit at a single locus, in mammalian
cells, where it did not silence gene expression [40]. Strik-
ingly, genome-scale methylation profiles based on bisulfite
treatment and methylation-sensitive technologies have
shown, with few exceptions, that DNA methylation at gene
bodies is positively correlated with elevated expression
[20,26,29,38,41–45]. It is noteworthy that the extent of
DNA methylation varies significantly in different regions
of the gene body (Figure 1a). Specifically, the use of next-
generation bisulfite sequencing technology to closely ex-
amine methylation levels at intragenic regions revealed
high levels of methylation throughout most of the gene
body, with a characteristic sharp decrease and increase in
methylation levels across exon–intron junctions and at
transcription termination sites; only subtle fluctuations
have been detected in intergenic regions [29,30]. These
observations suggest a putative functional role for DNA
methylation in tissue- and cell type-specific regulation via
differential mRNA splicing and the use of alternative
promoters, for instance at transcribable regions on the
active human X chromosome [26,41]. Unbiased next-gen-
eration bisulfite sequencing at single-base-pair resolution
has further shown that the newly discovered non-CpG
methylation is also present in gene bodies in both human
ESCs and differentiated tissues such as brain [29]. Fur-
thermore, experiments using MeDIP-seq and MRE-seq
technologies, which map the methylated and unmethy-
lated fraction of the genome, respectively, showed that
34% of CGIs in intragenic regions were methylated. This
is a surprising finding considering that only a small frac-
tion of CGIs at gene promoters (2%) are methylated [26].
Taken together, these data suggest that gene body meth-
ylation plays a major role in regulating context-specific
gene expression.

Interestingly, genome-wide methylation profiles across
20 eukaryotic genomes have further revealed that gene-
body methylation is an ancestral form of DNA methylation
predating the divergence of plants and animals approxi-
mately 1.6 billion years ago [28,46]. These reports uncov-
ered important conserved and divergent features of DNA
methylation, in particular that gene-body methylation is a
general phenomenon that is highly conserved and exten-
sive in diverse organisms. The fact that these features have
been ‘conserved’, despite the nearly 1.6 billion years since
the plant and animal lineages diverged, is said to be highly
indicative of gene-body methylation being crucial for the
survival of organisms [26,28,46]. Intriguingly, DNA
methyltransferase 1 (DNMT1) and the methylation bind-
ing co-factor ubiquitin-like containing PHD and ring finger
domains (UHRF1) share a conserved function in maintain-
ing gene-body methylation in various organisms [28]. Col-
lectively, mapping experiments have shown that DNA
methylation seems to be a widespread epigenetic regula-
tory mechanism. However, several questions remain re-
garding how gene-body DNA methylation is targeted to
specific gene regions and the function(s) of this conserved
genic methylation.
383



Review Trends in Biochemical Sciences July 2011, Vol. 36, No. 7
CpG islands: a distinctive feature in vertebrate genomes
The bulk of the human genome is depleted of CpG dinucleo-
tides owing to the high mutation rate of methylated cytosine
[47]. It is believed that CGIs are specifically protected from
de novo DNA methylation based on their location within the
genome, the local CpG density and their association with
chromatin-modifying complexes [10,48]. Therefore, a rela-
tively high density of CpG dinucleotides and elevated GC
content characterise mammalian CGIs [8]. To gain further
insight into CpG dinucleotide distribution at specific geno-
mic loci, methylation profiling by MeDIP, combined with
microarray technology and supplemented by a stringent
new algorithm, has been carried out on the promoter regions
of 24 134 human genes [48,49]. Strikingly, the pattern of
CpGs across the vertebrate genome revealed the presence of
a characteristic bimodal distribution of CpG content in
promoters; this bimodal distribution was found to be indic-
ative of distinct populations of high, intermediate and low
CpG-content promoters [48–50]. The substantial overlap
between the high and low CpG-content populations of pro-
moters, corresponding to promoters with an intermediate
CpG frequency, was later identified as a dynamic region
mediating soma-specific methylation [48]. Consequently,
promoters have been categorised into three classes based
on their CpG ratio, GC content and the length of the CpG-
rich region [48]. Whereas the high CpG-content (HCP)
promoter class is linked to CGIs and is predominantly
hypomethylated, the low CpG-content (LCP) promoter
class, representing non-CGI promoters, is primarily meth-
ylated. The intermediate CpG-content (ICP) promoter class
falls short of the accepted CGI standard criteria, namely
CpG islands have an average ratio of observed to expected
CpG dinucleotides of 0.5 [51] and thus were identified as
weak CGI promoters [48]. Correlation of gene activity and
DNA methylation revealed that the frequency of promoter
activity varied between promoter classes depending on the
CpG content, with HCPs and ICPs more prone to differential
regulation by DNA methylation than LCPs [48]. Intriguing-
ly, earlier reports using in vitro assays had suggested that
methylation-mediated gene regulation is a function of the
density of methylated CpGs, their location relative to the
promoter and promoter strength (Figure 1b) [52]. Interest-
ingly, although DNA methylation is sufficient to inactivate
strong CGI promoters (HCPs), the vast majority of the HCP
promoter class remains methylation-free, regardless of the
expression of associated genes [10,48,53]. Indeed, the fact
that transcription does not seem to be a requirement for the
conspicuous absence of methylation on HCP promoters [48]
illustrates the complexity involved in determining the func-
tional impact of promoter CGI methylation on transcrip-
tional control. An emerging body of evidence supports the
possibility that promoters associated with CGIs, namely
HCPs and ICPs, mainly mediate transcription through
chromatin architecture and act as platforms for additional
levels of epigenetic and transcriptional control [54–57].
Taken together, these reports challenge the long-standing
view that DNA methylation at promoter CGIs primarily
defines transcription start sites of gene promoters as being
silent.

To further delineate the role of CGIs in vertebrates on a
genome-wide scale, a comprehensive map of all CGIs in the
384
human and mouse genomes was compiled using CXXC
Affinity Purification-seq (CAP-seq) enrichment of
unmethylated CpG fragments [58]. Notably, this method
identified nearly equivalent numbers of CGIs in the human
and mouse genomes, contrary to computational predic-
tions. These experiments showed that both human and
mouse genomes have approximately 25 000 CGIs, and that
approximately 60% of gene promoters are associated with
these CGIs. However, more than half of all CGIs in both
genomes, provisionally named orphan CGIs because they
are remote from annotated promoters, are evenly embed-
ded within genes (i.e. in the gene body) and between coding
regions; of these, approximately 42% are associated with
sites of transcriptional initiation (Figure 1a) [58]. Interest-
ingly, these orphan CGIs are associated with novel tran-
scripts and could represent promoters of non-annotated
genes or non-coding RNAs [27]. Collectively, these data
suggest that the majority of DNA methylation-specific,
tissue-restricted gene expression is mediated primarily
by orphan CGIs [58] or intragenic methylation [26,29].
The recent identification of ZF-CxxC domain-containing
proteins, including CXXC finger protein 1 (CFP1) and
lysine (K)-specific demethylase 2A (KDM2A), that specifi-
cally bind unmethylated CGIs and are components of
histone-modifying complexes, clearly demonstrates that
CGIs intrinsically influence the local chromatin modifica-
tion state [55,59]. This is the first time it was shown that
unmethylated CGIs are epigenetically differentiated from
the bulk of chromatin and non-CGI promoters [55,59].
From an evolutionary standpoint, it can be deduced from
these initial reports that ZF-CxxC domain recognition of
CGIs could have contributed to the maintenance of DNA
methylation-free zones within the unevenly distributed
CGIs within a genome that is globally depleted of CpG
dinucleotides and heavily methylated [55,59].

Recent studies indicate that 76% of tissue-specific dif-
ferential methylation is located in regions adjacent to
CGIs, denoted CpG Island shores (CGI shores) and defined
as regions within 2000 bp of the promoter but outside of a
CGI (Figure 1a) [42,60]. For example, between haemato-
poetic populations, CGI shores exhibit the greatest vari-
ability in DNA methylation and this variability is
correlated with changes in gene expression [61]. Indeed,
many questions remain regarding details of how the extent
and specific distribution of 5meC residues upstream of
promoters affect their activity. Interestingly, differentially
methylated CGI shores that distinguish specific tissues are
conserved between human and mouse genomic regions
[42]. These results point to a need to study beyond the
promoter to identify the biological influence of CGI meth-
ylation on gene regulation; they also allude to a broader
network of mechanisms involved in the regulation of DNA
methylation during development and pathologies.

Taken together, recent state-of-the art reports have
undoubtedly altered our perceptions of how DNA methyl-
ation regulates mammalian cells. These new genome map-
ping reports on the previously unknown distribution and
location of DNA methylation have earmarked DNA meth-
ylation for more research on its biological functions. In
addition, there are still some key regions of the DNA
methylome that remain indeterminate and obscure
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(Figure 2) and require urgent attention for a truly compre-
hensive understanding of the functional methylome.

Concluding remarks and future perspectives
We have highlighted how the explosion of the DNA methy-
lome data has revealed intricate details of the DNA meth-
ylation landscape. Recent advances in genome-wide DNA
methylation analysis have enabled unprecedented resolu-
tion and identified subtle features in DNA methylation
[24,32]. Distinctive fluctuations at annotated genomic fea-
tures (Figure 1a), which could be crucial for fully unravel-
ling the key role of DNA methylation in normal and
diseased states, have been identified [26,29,30,34,37,43,
44,55,58,59]. From these genome-wide studies emerges a
picture of highly conserved features of DNA methylation
among eukaryotes, especially regarding CGI location and
gene-body methylation, thus emphasising the urgent need
for in-depth analyses of the machinery involved in target-
ing DNA methylation to specific genomic regions. Further-
more, the fact that tissue-specific DNA methylation
changes frequently occur at weak CGI promoters in both
gene coding and intergenic regions, which coincide with
DNA sequences that are highly conserved between mouse
and human genomes, raises the possibility that they reflect
the sequence characteristics of the larger DNA domains of
which they are part (Figure 2) [62,63].
Given that developmental stages are reflected in both
the extent of non-CpG methylation and the level of global
methylation [29,30], it will be crucial to determine the
functional significance of specific variations in the methyl-
ation of non-CG dinucleotides during development and
differentiation. There is also an intriguing possibility of
cross-talk between CG and non-CG methylation as a direct
or indirect effect of their interaction with the methylation
machinery.

Although the overall picture of the DNA methylome is
still under construction, a milestone has undoubtedly been
reached: single-base-resolution global DNA methylation
maps are divulging context-specific information for essen-
tially all cell types during development, in disease and
under different environmental conditions [64]. Given the
complexity involved in cellular regulation and the fact that
epigenetic changes are inherently more plastic and dynam-
ic than genetic changes, mapping of DNA methylation and
other chromatin features (e.g. histone modifications and
noncoding RNAs) simultaneously in the same cell types
will be essential to gain a better understanding of the
cross-talk among epigenetic regulatory mechanisms. With
respect to health and disease, large-scale epigenome maps
of different cell types in relation to different environmental
exposure, disease states and individual genomic variations
will also be essential [65]. The total volume of distinct
385
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epignomes that could be analysed is astronomical; there-
fore, to maximise the exploration of epigenomic features in
a wide array of cell types and diseases while minimising
duplication, major concerted actions that integrate differ-
ent disciplines, resources and initiatives are recommended
[31,66]. There are some concerns that the larger-scale
epigenome projects divert funds from investigator-initiat-
ed grants and ignore the role of cis-regulatory elements
and transcriptional networks in controlling epigenetic
changes [67]. It seems, however, that the potential scien-
tific benefit of large-scale epigenomics projects in eventu-
ally overlaying hundreds of thousands of epigenomic
marks on top of genome sequences could provide a launch-
ing pad for individual investigations aimed at identifying
the transcription factors, regulatory genomic elements and
pathways that integrate diverse signals and modulate
epigenomic features [66,68]. In addition, epigenome maps
could potentially enable individual investigators to identi-
fy genes with similar patterns of epigenetic features that
might suggest coordinated regulation of gene expression in
particular cell types [69]. Therefore, large-scale epige-
nomics projects have the potential to enable the creation
of comprehensive reference maps and provide a framework
to integrate genome-wide data from genome profiling and
gene expression studies with epigenetic mechanisms in
order to unravel factors underlying disease development as
well as different or complex phenotypes [6,25,45]. Synergy
between large-scale community projects, interdisciplinary
collaborations and individual investigations will be
crucial in the next decade to modify the current dogma
that DNA methylation functions predominantly at specific
sequences and genomic regions to irreversibly silence
transcription.

Collectively, these new data call for intensive research
efforts devoted to a reappraisal of the entrenched dogma on
the role of DNA methylation in mammalian systems.
Changes to the dogma must encompass the substantial
differences observed in the sequence context of cytosines
targeted for DNA methylation during development and in
different cell types [30,39,64], the biological role of 5hmC,
tissue-specific distinctions based on the location of meth-
ylated cytosines and the impact of gene-body methylation
on gene expression [26,42,48,58]. Tackling some of the
interesting questions posed by the new data will inevitably
lead to the development of new hypotheses regarding the
biological consequences of DNA methylation.
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