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Function and information
content of DNA methylation
Dirk Schübeler1,2

Cytosine methylation is a DNA modification generally associated with transcriptional silencing. Factors that regulate
methylation have been linked to human disease, yet how they contribute to malignances remains largely unknown.
Genomic maps of DNA methylation have revealed unexpected dynamics at gene regulatory regions, including active
demethylation by TET proteins at binding sites for transcription factors. These observations indicate that the underlying
DNA sequence largely accounts for local patterns of methylation. As a result, this mark is highly informative when studying gene regulation in normal and diseased cells, and it can potentially function as a biomarker. Although these findings
challenge the view that methylation is generally instructive for gene silencing, several open questions remain, including
how methylation is targeted and recognized and in what context it affects genome readout.

M

ethylation of nucleotides provides a molecular means to reversibly mark genomic DNA. Bacteria can methylate adenosine or
cytosine to identify and degrade invading DNA and to track
mismatch repair and the progress of genome duplication before cell division1,2. In eukaryotes, DNA methylation only occurs at cytosine residues.
Since the discovery that in vitro methylated DNA is transcriptionally
inactive when transfected into Xenopus oocytes3 or cultured mammalian cells3,4, methylation has been functionally linked to gene repression.
Importantly, methylation is not always essential to eukaryotic gene regulation as it is absent in many organisms. These include metazoans such as
dipteran insects or Caenorhabditis elegans, illustrating that transcriptional
changes during development do not necessarily require the organism to
methylate DNA. Although DNA methylation is obligatory in many clades,
its prevalence and genomic distribution varies widely, suggesting that
there are distinct modes of targeting and function5–7.
Methylation of DNA can change the functional state of regulatory
regions, but it does not change the Watson–Crick base pairing of cytosine.
It thus presents the classic ‘epigenetic’ mark and is functionally involved in
many forms of stable epigenetic repression, such as imprinting, X chromosome inactivation and silencing of repetitive DNA8. In vertebrates, heritable methylation only occurs at the CpG dinucleotide. Sequence symmetry
of CpGs enables propagation of the methyl mark through cell division9;
in 1975, this was proposed as a pathway for cellular memory of transcriptional states10,11. This potential for inheritance coupled with the fact that
DNA methylation patterns change during development and disease8,12
partially explains the interest in DNA methylation as a memory module13.
Technological advances have resulted in genomic maps of DNA
methylation at unprecedented resolution, revealing that regulatory
sequences are indeed unmethylated when active14–18. Despite these
striking but correlative observations, our ability to correctly assign
a function to the local presence of DNA methylation at particular
genes has remained surprisingly limited. This Review summarizes
recent advances in our understanding of the regulation and function
of DNA methylation in mammals, and discusses the utility of DNA
methylation as a cellular marker in basic biology and biomedicine.

Conservation of methylation patterns in non-vertebrates

Among the many clades that methylate their genome, vertebrates are
unique in that cytosine methylation occurs throughout the entire genome

(Fig. 1). By contrast, plants and invertebrates that have been analysed so
far show ‘mosaic’ methylation patterns because only specific genomic elements are targeted5 (Fig. 1). More specifically, repetitive DNA and actively
transcribed sequences are methylated6,7. In the case of repetitive DNA, it
is evident that DNA methylation is used for repressing expression and
preventing further expansion of these elements19–22. In plants, this targeting occurs through short RNAs derived from repeat transcripts that guide
de novo methylation to this class of elements23. A similar PIWI-interacting
RNA (piRNA)-guided process seems to occur in the male mammalian
germ line when DNA methylation is re-established12,24. Furthermore,
DNA methylation of pro-viruses has been shown to depend, in part, on
the presence of repressive histone methylation at lysine 9 of histone H3
(H3K9me)25, illustrating distinct RNA and chromatin pathways that guide
DNA methylation to repeats.
The second canonical target is methylation of actively transcribed
genes, a process that does not seem to primarily regulate these genes6.
This is prominent in organisms with mosaic DNA methylation patterns
and can even occur in the absence of repeat methylation, as in the case
of the invertebrate chordate Ciona intestinalis26,27. Despite its strong evolutionary conservation, genic methylation remains surprisingly poorly
understood at both the molecular and functional level. Current models
suggest that it helps to counteract the disruption of chromatin, such as
nucleosome displacement, which is caused by elongating RNA polymerase8,26,27. This speculation builds on established chromatin pathways
such as the marking of transcribed sequences by methylation at lysine
36 of histone H3 (H3K36me)28. Work in baker’s yeast (Saccharomyces
cerevisiae), which lacks DNA methylation, revealed that H3K36me
recruits enzymes such as histone deacetylases, resulting in more densely
packed chromatin. In the absence of this pathway, transcription creates a
more open chromatin structure, leading to spurious activation of cryptic
start sites29. Such a process might be even more relevant in the genomes of
multicellular organisms, which harbour substantially larger genes. Indeed,
DNA methylation has been suggested to suppress intragenic promoters
in mammalian cells30, and remethylation of genes in cancer cells after
treatment with an inhibitor of methylation maintenance occurs much
faster at actively transcribed genes and seems to be required for their
proper expression31. Notably, retroviruses preferentially integrate into
actively transcribed genes32, and a process that would methylate histones
and DNA and potentially silence them after genic integration thus seems
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Figure 1 | Genomic distribution of methylated cytosine in a typical
invertebrate and vertebrate genome. The representative genomic region
includes an example of an active and an inactive gene with proximal (promoter)
and distal (enhancer) regulatory regions. The height of the bar indicates
the relative proportion of DNA methylation (5-methylcytosine, 5mC) that
is observed in each region. CpG islands (CGIs), which often overlap with
promoter regions, generally remain unmethylated, whereas CG-poor promoters
are methylated when not active.

plausible. Furthermore, genic methylation has been linked to splicing
in mammalian cells, as subtle methylation differences were observed
between introns and exons33,34. However, experimental evidence to support this link remains scarce35, and an explanation for how the elongating
polymerase or splicing machinery could be affected by the comparatively
small differences in methylation levels is lacking.

Methylation in vertebrates

The widespread methylation of vertebrate genomes suggests that their
methylation might be a default state. This causes CpG depletion over
evolutionary time through inefficient base-excision repair. Although
spontaneous deamination of cytosine results in uracil, a base efficiently
removed by uracil-DNA glycosylase (UDG), deamination of a methylated cytosine results in thymine, a proper genomic base. The resulting
mismatch frequently manifests in a C to T transition, despite the presence of thymine-DNA glycosylase (TDG) and methyl-CpG-binding
domain protein 4 (MBD4): two glycosylases that are thought to target this particular mismatch within methylated CGs and lead to the
removal of thymine36. Notably, a C to T transition at CpG dinucleotides
is the most frequent mutation observed in human diseases and between
closely related mammals, arguing that genome-wide and genic DNA
methylation comes at the price of an increased mutational load. Among
vertebrates, CG depletion is particularly prominent in mammalian
genomes, but less obvious in those of fish or Xenopus37. Exceptions to
this general loss of CGs reside in genomic elements termed CpG islands
(CGIs)38. CGIs predominantly overlap with promoter regions and retain
their expected CG content, as they generally remain unmethylated in
the germ line, with notable exceptions39. Importantly, methylation of
CGIs causes robust transcriptional repression and CGI methylation is

required for all reported examples of long-term mono-allelic silencing, including X inactivation40 and genomic imprinting41. Although
CGI methylation can result in stable repression of the linked gene (for
example, see ref. 42), surprisingly few CGIs change DNA-methylation
state during normal development. Prominent examples include a
set of germline-specific genes that require promoter methylation for
their repression in somatic cells43. Importantly, however, inactive CGI
promoters do not, in general, acquire DNA methylation but become
methylated at lysine 27 of histone H3 (H3K27me3), a mark set by the
Polycomb system44,45. Interestingly, CGIs marked by H3K27me3 are
nevertheless more susceptible to DNA methylation during differentiation and in disease states such as cancer46,47. Furthermore, CGIs harbour H3K4 methylation independently of their activity, but only in the
absence of DNA methylation48. This modification can repulse de novo
methyltransferases in vitro and thus is thought to be causally involved
in maintaining the hypomethylated state of CGIs49.
Recent genome-wide mapping of DNA methylation at single-base resolution revealed that CG-poor regulatory regions generally acquire a low
methylation state when occupied by transcription factors14–18. Such variable DNA methylation in mammals closely reflects changes in gene regulation and, as a result, methylome data provide a rich source of information
about ongoing gene activity (see ‘Utility of DNA methylation’). Although
the functional relevance of reduced methylation at CG-poor regulatory
regions is still unclear, it is tempting to imply an instructive role for DNA
methylation in distal gene regulation. This popular model assumes a
generally repressive effect of DNA methylation regardless of the position
and densities of CGs within a particular regulatory region. Experimental evidence does not, however, generally support this presumption. For
example, several factors have been shown to bind methylated CG-poor
sequences and, in turn, lead to their demethylation14,50,51. In this scenario,
changes in DNA methylation occur downstream of transcription-factor
binding to their target sequence, arguing against a generally instructive
role. It is likely that other transcription factors are more sensitive to DNA
methylation, in particular those that contain a CG in their binding motif52
(Fig. 2). Potential effects might also only apply to certain binding sites such
as those with lower affinity, at which DNA methylation might further
reduce the likelihood of binding. Nevertheless, there is limited evidence
at present that DNA methylation at CG-poor regulatory regions is generally instructive. This does not mean that methylation is irrelevant because
tissue-specific deletions of, for example, DNA methyltransferases show
very distinct phenotypes, including clear changes in gene expression,
and mutations in these enzymes can contribute to disease12. However,
it remains to be determined whether these phenotypes result from local
differential methylation of regulatory regions or global perturbations,
including reactivation of repeats and/or methylated CGIs.

Setting and removing DNA methylation

In the textbook scenario, de novo DNA methyltransferases DNMT3A
and DNMT3B53 in combination with DNMT3L54 establish a pattern
of methylation that is then faithfully maintained through cell division
by the maintenance methyltransferase DNMT1 (ref. 55) and associated proteins56. This model of stable DNA methylation propagation
has recently been revised in several ways. It was long known that DNA
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Figure 2 | Potential scenarios for the interplay between cytosine methylation
(shown by level of 5-methylcytosine) and transcription-factor binding. a, A
methylation-insensitive transcription factor causes reduced methylation after
binding. b, A transcription factor binds specifically to the methylated state of
its binding site. c, A methylation-sensitive transcription factor is blocked by
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5-methylcytosine (5mC). d, Methyl-CpG-binding domain (MBD) proteins bind
to the methylated state, leading to indirect repression, which probably requires
high local density of CGs (shading). e, A methylation-insensitive transcription
factor functions as a pioneer factor and creates a site of reduced methylation that
allows a methylation-sensitive factor to bind.
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methylation can be lost passively through imperfect maintenance57, but
the recent discovery of the ten-eleven translocation (TET) family of proteins provided a convincing path for catalysed active demethylation in
vertebrates58. The three members of this protein family have since been
implicated in development, meiosis, maintenance of imprinting and
stem-cell reprogramming59–64. TET proteins convert 5-methylcytosine
(5mC) into 5-hydroxymethylcytosine (5hmC), a modified base that was
first described more than 30 years ago65. Further iterative oxidations catalysed by TET result in 5-formylcytosine (5fC) and 5-carboxylcytosine
(5caC)66,67 (Fig. 3), which can be efficiently removed by TDG68,69 — a
pathway referred to as ‘active’ demethylation. These modifications create an opportunity to identify sites of TET action because they can be
specifically detected69–73, but their detection and quantification remains
challenging owing to their low genomic abundance compared with
5mC. Current data argue that active regulatory regions and transcribed
sequences show increased levels of hydroxymethylation, which is indicative of a higher turnover69,73–76. Loss of all three TET proteins leads to
increased DNA methylation at enhancer regions in stem cells and subtle
expression changes of linked genes77, suggesting that active demethylation
could contribute to the activity state of distal regulatory regions78. Notably,
active DNA demethylation could occur in most cell types because TET
proteins are promiscuously expressed at varying levels in non-dividing
somatic cells. Proper quantification of DNA-methylation-turnover kinetics is crucial not only for interpreting genomic maps of this mark but
also for concepts of epigenetic memory that invoke DNA methylation.
Memory implies stability of the modified base, which could be impaired
by pathways of active demethylation. However, a conclusive picture
regarding how turnover is regulated is lacking. Current models of binding
and local activity for both demethylases and methyltransferases, which
are largely based on in vitro interaction data, suggest that histone modifications and RNA–DNA hybrids have a role in repelling and recruiting
these enzymes12,74,79,80. Recruitment probably constitutes just one level of
regulation. For example, TET activity can be enhanced by the addition of
vitamin C to the culture medium of stem cells81, suggesting that cofactors
modulate enzyme activity.

Genetic determination and environmental influence

How much do our methylomes vary, and how can this variation be
explained? Recent genome-wide association studies compared DNA
sequence variation within human cohorts with changes in chromatin
modifications91–93 or DNA methylation94. The data showed that genetic
variation explains a large part of the observed changes in histone modifications or DNA methylation91–94. The likely explanation is that mutations within regulatory regions affect binding of transcription factors,
which in turn influence DNA methylation and histone modifications
(Fig. 4). Alternatively, a mutation in a transcription factor could impair
its ability to bind a specific sequence, leading to increased methylation. This transcription-factor dependency is similar to that observed
during development, in which expression of cell-type-specific transcription factors coincides with reduced methylation of their binding
sites (Fig. 4). These genome-wide correlations are also supported by
gene-insertion experiments showing that local DNA sequence can be
the primary determinant of DNA methylation state95,96. Indeed a role
for transcription factors in establishing DNA methylation states was
observed 20 years ago50,97,98. Thus several lines of evidence reinforce
the notion that the underlying DNA sequence, through its recognition
by transcription factors, seems to account for a substantial part of the
observed DNA methylation and chromatin patterns and their variation
between individuals or cell types.
How transcription factors influence chromatin and DNA methylation
and which factors are instructive or sensitive to chromatin states remains
largely unexplored (Fig. 2). These are crucial questions, because understanding this genetic and epigenetic crosstalk will be essential to correctly
interpret and assign function to patterns of DNA methylation in development and disease. It should help in identifying sites that are more susceptible to sporadic change and environmental exposure. Indeed, differences
in DNA methylation are observed in isogenic subjects, such as identical
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The CG dinucleotide provides distinct signals based on its methylation
state that can be differentially recognized by specific protein domains.
The methylated form of CG is recognized by functional MBD-containing proteins in vitro and in vivo82–84, which are thought to indirectly
contribute to methylation-mediated repression85 (Figs 2d, 3b). This concept of indirect repression might explain why a high local concentration
of methylated CpGs, such as at methylated CGIs, do confer efficient
repression. Importantly, individual deletions of genes encoding MBD
proteins do not result in reactivation of methylated CGIs and thus MBD
proteins are thought to function in a redundant fashion. This model
awaits testing through comprehensive deletions of the MBD protein
family. CXXC domains, however, can specifically recognize unmethylated CGs and can target proteins, such as CXXC finger protein 1
(CFP1)86 or the histone demethylases KDM2A and KDM2B to unmethylated CGIs87,88 (Fig. 3b). It has been suggested that this recruitment
might help to maintain an unmethylated state similar to that seen with
classic transcription factors, but evidence for this model is still missing87. Importantly, the presence of a functional CXXC domain does not
necessarily predict targeting of proteins to unmethylated CGs. In the
case of DNMT1, the CXXC domain seems to be used for proofreading9.
A crucial question is whether specific binders exist for cytosine oxidation derivatives, which would suggest that these bases function as
distinct signals. This is a topic of active research, and several candidate
proteins have been proposed74,79,89. However, the low frequency of these
modifications has so far stymied efforts to convincingly show selective
binding in vivo87. It also remains to be determined whether methylation of cytosines outside the CpG context, which seems to be a frequent
event in embryonic stem cells, subsets of neurons17 and oocytes90, is
specifically recognized.
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Figure 3 | Setting, erasing and recognizing cytosine methylation. a, Different
methylation states of the CG dinucleotide and the enzymatic pathways that set,
maintain and erase the mark. The pathways leading from the oxidized forms
to the unmethylated state are under debate74. DNMT, DNA methyltransferase;
TDG, thymine-DNA glycosylase. b, A subset of CXXC-domain-containing
proteins are listed that can specifically bind to the unmethylated CG
dinucleotide and could potentially reinforce the unmethylated state or recruit
regulatory proteins to unmethylated CG islands. Methyl-CpG-binding domain
(MBD) proteins specifically bind to the methylated CG with little or no further
sequence sensitivity, potentially mediating transcriptional repression, which
would be strongest in methylated CG islands. Readers of oxidized forms are not
shown owing to ongoing debate about proposed candidates87.
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Figure 4 | Potential DNA sequence determinants of cytosine methylation at
CG-poor regions. In a simplified model, transcription-factor binding causes
reduced methylation at its binding site. Loss of expression of the respective
transcription factor in development or disease will cause increased methylation.
Mutations to the transcription factor that affect its binding preference will
influence genomic methylation patterns. Mutation in the DNA binding site will
abolish binding even in a cell expressing the transcription factor, indicating how
genetic variation can result in methylation differences between individuals.

twins, but the actual level is under debate99. Furthermore, developing
mouse embryos display methylation changes after severe undernutrition
in utero100. The question remains as to whether these differences occur
downstream of perturbed gene activity or are causally involved in the
resulting phenotype. In the case of the undernutrition model, the metabolic phenotype can even propagate across generations, despite the lack
of differences in DNA methylation100. Generally, although a role for DNA
methylation in trans-generational inheritance is clearly appealing, there
is limited evidence for this pathway in mammals (reviewed in ref. 101).
At the same time, stably inherited epialleles clearly exist in plants101. One
explanation for this difference is that mammals show waves of DNAmethylation gain and loss in the germ line and early development, leading
to the erasure of most acquired methylation. This important aspect of
DNA methylation biology is not the focus of this Review and has recently
been discussed in detail12,13,24.

New disease links

Perturbations of DNA methylation patterns are frequently observed in
disease, particularly in cancer. These perturbations include methylation
of CGI promoters for tumour suppressor genes, implying a functional
role8. At the time of the initial observations, support for this model in
the form of recurring mutations, in tumours, of proteins that regulate
DNA methylation was missing. This changed with the discovery of
the enzymatic activity of TET proteins — TET2 mutations have been
linked to many myeloid malignancies102,103 — and through the observation that DNMT3A is one of the most frequently mutated genes in
acute myeloid leukaemia (AML) (mutated in 25% of adults with the
disease)104. Although the actual mechanism in both cases remains to be
determined, it is striking that TET2 and DNMT3A loss of function seem
to be primary events. Mutations in DNMT3A are pre-leukaemic and
can occur in blood stem cells, but only in combination with subsequent
‘driver mutations’ do they lead to leukaemia105,106.
In fact, recurrent mutations of many genes encoding chromatin
components have now been identified in diverse cancer types107. It
is unclear how these proteins actually contribute to disease, but one
hypothesis is that chromatin perturbations make the regulatory landscape more vulnerable to subsequent mutations105. Such concepts of
genetic buffering by chromatin pathways have already been proposed
based on genetic interaction screens between hypomorphic mutants,
for example in C. elegans108. In this study, mutations in chromatin
modifiers enhanced the phenotype of mutations in many different
transcription factors. One interpretation of these findings is that

chromatin pathways globally contribute to the stability of transcriptional regulation rather than directing activity to specific genes. It is
tempting to speculate that DNA methylation might also contribute
in this way to genome regulation.

Utility of DNA methylation

Although the function of DNA methylation at CG-poor regulatory
regions remains unclear, it is evident that patterns of this mark have high
information content about the ongoing activity of transcription factors
and, thus, can help to identify cell-type-specific aspects of gene regulation109. For this reason, DNA methylation profiles can provide insight into
many aspects of biology, but also function as biomarkers in medicine. It
is important to keep in mind that the value of a biomarker is only defined
by its ability to predict disease state or treatment response regardless of
whether the measured parameter is causally involved in the disease. Part
of the appeal of DNA methylation is the feasibility of the analysis. Bisulphite conversion of unmethylated cytosines followed by DNA sequencing
requires no live cells and limited amounts of DNA, which can even be low
quality, making DNA methylation less sensitive to specimen handling
compared with RNA or proteins110. As a result, bisulphite sequencing,
which, importantly, cannot distinguish between 5mC and 5hmC, can
even be conducted on DNA isolated from small amounts of fixed tissue111.
Any primary sample from which DNA can be sequenced should be suitable for bisulphite sequencing, a technique readily performed in any laboratory that is set-up for genome sequencing. Given that technical issues do
not represent a significant hurdle, the crucial question is how much medically relevant information can be obtained from such DNA methylation
analysis. Potential pitfalls include cellular heterogeneity within disease
samples, confounding genetic variation between individuals or intrinsic
variability, which could limit the utility of methylation measurements.
Nevertheless, in the case of medulloblastoma, a detailed analysis of
methylation levels in regulatory regions enabled identification of diseaseand tumour-subtype-specific changes112. These changes reflect not only
transcription-factor activity but also putative new markers for disease
states112. The aforementioned study adds to a list of examples for which
DNA methylation can assist in identifying tumour subtypes8.
Moreover, in most disease settings, cells from the affected tissue cannot be easily obtained, and it is questionable whether those that are
available will be informative (for example, blood cells). Several studies
have now shown that non-affected tissue can be informative113, even
leading to treatment decisions114 and stratification of clinical cohorts115.
Further insights into the functionality of DNA methylation will come
from ongoing large cohort studies, leading towards a more comprehensive view of whether and how disease phenotypes can be associated with
specific DNA methylation patterns116. The link between gene activity
and DNA methylation, as well as the accessibility of this base modification, justify further exploration. One intriguing possibility is that DNA
methylation might be prognostic of disease onset or personal risk in
combination with genetic predisposition and environmental exposure.
The potential use of DNA methylation is not limited to biomedical
applications. Measurements at the resolution of individual molecules
and cells promise to substantially advance our understanding of regulation in biology. They provide more quantitative information and reveal
heterogeneity within the cell population or dynamic changes at the level
of individual cells117. Bisulphite conversion followed by high-throughput
sequencing represents a single-molecule measure and has already been
successfully applied in stem-cell biology to define population heterogeneity and the degree of pluripotency after induced reprogramming118,119. For
example, subpopulations of mouse embryonic stem cells that differ in the
level of the transcription factor Rex1 can be separated by their DNA methylation patterns120. Based on chemical inhibition, DNA methylation was
argued to directly contribute to the switch between these populations120.
Studies that tackle questions of cell identity and origin will further benefit from the recent development of approaches that allow genome-wide
measurements at the level of single cells121.
Tracking methylation patterns over time can also reveal insights into
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the fidelity of DNA methylation maintenance. A comparison of the heterogeneity of DNA methylation at specific genomic loci suggested that
human stem cells in culture undergo high turnover of DNA methylation.
By contrast, fibroblast cells seem to show more stable inheritance of frequent sporadic changes, implying that somatic cells show more faithful
maintenance and thus pass on sporadic changes in DNA methylation122.
If the same applies in vivo, high-coverage DNA methylation measurements from single cells should provide information on lineage trees. This
approach, when applied to an in vitro model of cellular transformation,
has revealed insights into the kinetics of progressive changes in regions
that are commonly hypermethylated in cancer123. Although it remains to
be seen whether this principle is relevant to carcinogenesis in vivo, it highlights how DNA methylation can be used to track cellular states over time.

Outlook

The emerging picture is that genomic DNA methylation in mammals
reflects, to a large extent, cell-intrinsic regulation encoded within the
DNA sequence in the form of CG density and binding motifs for transcription factors. This genetic dependency is very reminiscent of histone
modifications, which are also an integral part of the activation of regulatory regions and the process of transcription. It explains why chromatin
and DNA modifications are informative indicators of underlying regulatory activity, but it does not reveal what their actual impact is on the regulation of individual genes. This is likely to be highly contextual at the level
of DNA sequence and binding factors, as shown by the efficient repression
of CGIs by DNA methylation, which might represent the exception rather
than the rule because dynamics in DNA methylation occur elsewhere in
the genome. This exemplifies our limited understanding of how local
levels of DNA methylations are set, turned over by demethylation and,
in turn, recognized by transacting factors. A better understanding of this
regulation is required to define these potential functions and determine
how misregulation contributes to disease. ■
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