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SUMMARY

DNAmethylation is one of the best characterized epigenetic modifications. In mammals it is involved in
various biological processes including the silencing of transposable elements, regulation of gene expres-
sion, genomic imprinting, and X-chromosome inactivation. This article describes how DNAmethylation
serves as a cellular memory system and how it is dynamically regulated through the action of the DNA
methyltransferase (DNMT) and ten eleven translocation (TET) enzymes. Its role in the regulation of gene
expression, through its interplay with histone modifications, is also described, and its implication in
human diseases discussed. The exciting areas of investigation thatwill likely become the focus of research
in the coming years are outlined in the summary.
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OVERVIEW

TheDNAof vertebrate animals can be covalentlymodified by
methylation of the cytosine base in the dinucleotide sequence
5′CpG3′. CpG is an abbreviation for cytosine and guanine
separated by a phosphate, which links the two nucleotides
together in DNA. In mammals, DNA methylation patterns
are established during embryonic development by de novo
methylating enzymes called Dnmt3a and Dnmt3b. They are
maintained by a Dnmt1-mediated copying mechanism when
cells divide. The heritability of DNAmethylation patterns pro-
vides an epigenetic marking of the genome that is stable
through multiple cell divisions and therefore constitutes a
form of cellular memory. For this reason, historically, DNA
methylationhas represented thearchetypalmechanismof epi-
genetic inheritance.

DNAmethylation is found in some lower eukaryotes such
as Neurospora and invertebrates (discussed in Aramayo and
Selker 2013 and Elgin and Reuter 2013). There is also quite an
elaborate DNA methylation system in plants, involving many
enzymes and specific binding proteins covered in depth in
Pikaard and Mittelsten Scheid (2014).

Molecular and genetic studies in mammals have shown
that DNA cytosine methylation (abbreviated to 5mC, for 5-
methyl cytosine) is associatedwith gene silencing. It also plays
an important role in developmental processes such as X-chro-
mosome inactivation and genomic imprinting. The methyl
moiety of methyl cytosine resides in the major groove of the
DNA helix where many DNA-binding proteins make contact
withDNA.Themethylation, therefore, likelyexerts its effectby
attracting or repelling variousDNA-binding proteins. A family
of proteins, known as methyl-CpG binding domain proteins
(or MBDs), are attracted to and bind DNA-containingmethyl-
ated CpG dinucleotides and have been shown to recruit re-
pressor complexes to methylated promoter regions, thereby
contributing to transcriptional silencing. Conversely, regions
of CpG methylation are known to prevent protein binding of
certain transcription factors, thereby preventing transcription.

Certain regions of the genome contain clusters of CpG
sequences, termedCpG islands, and aremostly founddirectly
upstream of gene promoters. In general, CpG islands areDNA

methylation-free. Certain transcription factors have been dis-
covered to bind to nonmethylated CpG-containing DNA se-
quences via a CXXC binding domain motif, and contribute to
creating a transcriptionally competent chromatin configura-
tion, preventing DNA methylation from occurring at these
regions.

Although DNA methylation patterns can be transmitted
from cell to cell, they are not permanent. In fact, changes in
DNAmethylation patterns can occur throughout the life of an
individual. Some changes can be a physiological response to
environmental changes, whereas others might be associated
with a pathological process such as oncogenic transformation
or cellular aging. DNAmethylation marks can be removed by
either an active demethylation mechanism involving a family
of DNA hydroxylases called Tet proteins or a passive demeth-
ylation process by inhibition of the maintenance methyl-
transferase, Dnmt1, during cell divisions. DNA methylation
patterns fit into an epigenetic framework directly, but also in-
directly through their intimate link to other epigenetic mech-
anisms such as histone lysine methylation and acetylation.

The clinical relevance of DNA methylation first became
apparent in relation to cancer. Reduced levels of DNA meth-
ylation led to the suppression of some forms of tumors in
mouse models of cancer through genetic manipulation or
treatment withDNAmethyltransferase inhibitors. Conversely,
low levels of DNA methylation (referred to as DNA hypome-
thylation) can enhance the formation of certain tumor types as
well. Several other human diseases have been linked to mu-
tations of genes that encode critical components of the DNA
methylation machinery. Mutations of the DNA methyltrans-
ferase Dnmt3b leads to immune deficiency, whereas muta-
tions of the methyl-CpG binding protein, MeCP2, causes a
severe neurological disorder known as Rett syndrome. It is
apparent that the integrity of the DNA methylation system is
of paramount importance for the health of mammals. Thus,
the study of DNAmethylation in human disease represents an
important frontier in medicine and will contribute to our un-
derstanding of the impact of epigenetic modification on hu-
man life.
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1 A MECHANISM OF CELL MEMORY

1.1 The Hypothesis

Cytosine methylation in mammalian cells occurs predom-
inantly in CpG dinucleotides (Fig. 1). The idea that DNA
methylation in animals could represent amechanismof cell
memory arose independently in two laboratories (Holliday
and Pugh 1975; Riggs 1975). Recognizing that the CpG
dinucleotide is self-complementary, both groups reasoned
that patterns of methylated and nonmethylated CpG could
be copiedwhencells divide. Immediatelyafter replicationof
DNA, the parental DNA strand would maintain its pattern
of modified cytosines, but the newly synthesized strand
would be unmodified. To insure copying of the parental
pattern onto the progeny strand, they postulated a “main-
tenance methyltransferase” that would exclusively methyl-
ate CpGs base-paired with a methylated parental CpG.
NonmethylatedCpGswouldnot be substrates for themain-
tenance methyltransferase (see Fig. 2). The consequence of
this simplemechanism is that patterns ofDNAmethylation
would be replicated semiconservatively like the base se-
quence of DNA itself.

1.2 Maintenance of DNA Methylation Patterns

The mammalian DNAmethyltransferase activity responsi-
ble for semiconservatively replicating DNA methylation
patterns was detected early on in crude cellular extracts. It

was finally purified as a 200-kDa protein (Bestor and In-
gram 1983). This enzyme, called Dnmt1 for DNA methyl-
transferase 1, is specific to CpG and has significant activity
against nonmethylated DNA in biochemical assays. Its pre-
ferred DNA substrate, however, is DNAmethylated at CpG
on one of the two strand (so-called hemimethylated DNA;
see Fig. 2). Subsequent genetic studies indicated that inac-
tivation of Dnmt1 inmouse embryonic stem cells (Table 1)
led to a genome-wide loss of CpG methylation (Li et al.
1992).This evidencefitwith the view thatDnmt1maintains
DNA methylation at CpGs by completing hemimethylated
sites as originally postulated by Riggs (1975) and Holliday
and Pugh (1975) (Fig. 2).

2 THE ESTABLISHMENT OF DNA
METHYLATION PATTERNS

The discovery of the maintenance DNA methyltransferase,
Dnmt1, provided amechanismbywhichDNAmethylation
patterns could be maintained through cell generations.
This left the problem of determining when in development
new DNA methylation patterns are established in an indi-
vidual and how de novo methylation occurs. This is ad-
dressed in this section, as well as describing importantwork
mapping the distribution andmethylation patterns of CpG
sequences in the mammalian genome and their functional
significance.

2.1 De Novo Methylation of DNA
in Early Embryos

In the life cycle of an individual, the genome undergoes
dynamic changes in DNA methylation during early devel-
opment. After fertilization, genome-wide demethylation
takes place. De novo DNAmethylation then occurs around
the time of implantationwhen the inner cell mass cells start
to differentiate to form the embryonic ectoderm (Fig. 3).

De novo DNAmethylation was first detected when for-
eignDNAwas introduced into apreimplantation embryo in
an unmethylated state, which then becamemethylated. Re-
ports of both retroviral DNA from infected mouse preim-
plantation embryos and DNA injected into mouse zygotes
showed that the DNA became stably methylated in cells of
the animal (Jahneret al. 1982).However, retroviralDNAdid
not become methylated if infection occurred in embryos at
the later stage of gastrulation. This suggested that the pro-
cess of de novo methylation of DNA is confined to plurip-
otent cells of early embryos. The hypothesis was further
tested using mouse embryonal carcinoma cells and then
embryonic stem (ES) cells. When these cells were infected
by retroviruses, retroviral DNAbecame completely methyl-
ated and viral genes were consequently silenced (Stewart
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Figure 1. Cytosine methylation in DNA. (A) Addition of a methyl
group, CH3 (red), at the five position of the cytosine pyrimidine ring
(black arrow) does not sterically interfere with GC base pairing (blue
lines). DNA methyltransferases associate covalently with the carbon
6 position (straight green arrow) during methyl group transfer. (B) A
model of B-form DNA methylated at cytosines in two self-comple-
mentary CpG sequences. The paired methyl moieties (magenta and
yellow) lie in the major groove of the double helix.
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et al. 1982). Even when the maintenance Dnmt1 gene was
deleted, de novo methylation of retroviral DNA in ES cells
still occurred proving that other DNA methyltransferases
must be at work (Lei et al. 1996). Somatic cells that are
infected with viral DNA, however, did not become methyl-
ated, again indicating that it is a process that occurs in early
development (Stewart et al. 1982).

2.2 Discovery of De Novo Methyltransferases

De novo methyltransferases were discovered by searching
for sequence homology with prokaryotic cytosine DNA
methyltransferases using expressed sequence tag databases.
Prokaryotic cytosine DNAmethyltransferases share a set of
conserved protein motifs (Posfai et al. 1989), and these
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Figure 2.De novo methylation and maintenance methylation of DNA. A stretch of genomic DNA is shown as a line
with self-complementary CpG pairs marked as vertical strokes. Unmethylated DNA (top) becomes methylated “de
novo” by Dnmt3a and Dnmt3b to give symmetrical methylation at certain CpG pairs. On semiconservative DNA
replication, a progeny DNA strand is base-paired with one of the methylated parental strands (the other replication
product is not shown). Symmetry is restored by the maintenance DNAmethyltransferase, Dnmt1, which completes
half-methylated sites, but does not methylate unmodified CpGs.
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Table 1. Function of mammalian DNA methyltransferases

DNA
methyltransferase Species Major activity Major phenotypes of loss of function

Dnmt1 Mouse Maintenance

methylation of CpG

Genome-wide loss of DNA methylation, embryonic lethality at embryonic day 9.5

(E9.5), abnormal expression of imprinted genes, ectopic X-chromosome

inactivation, activation of silent retrotransposon. In cancer cell lines, it leads to cell

cycle arrest and mitotic defects.

Dnmt3a Mouse De novo methylation

of CpG

Postnatal lethality at 4–8 wk, male sterility, and failure to establish methylation

imprints in both male and female germ cells

Dnmt3b Mouse De novo methylation

of CpG

Demethylation of minor satellite DNA, embryonic lethality around E14.5 days with

vascular and liver defects. (Embryos lacking both Dnmt3a and Dnmt3b fail to

initiate de novo methylation after implantation and die at E9.5.)

DNMT3B Human De novo methylation

of CpG

ICF syndrome: immunodeficiency, centromeric instability, and facial anomalies. Loss

of methylation in repetitive elements and pericentromeric heterochromatin.

Cytoplasm Cytoplasm

5hmC
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Figure 3. Dynamics of 5mC/5hmC/5fC/5caC in paternal and maternal genomes during preimplantation devel-
opment. DNA demethylation of the zygote, gauged by 5mC levels, occurs by a passive mechanism in the female
pronucleus, diluting the marks with the passage of every cell cycle. The male pronuclear genome becomes demeth-
ylated actively by the action of the Tet enzymes. Tet3 is expressed in the oocyte and zygote. After fertilization, Tet3 is
relocated from the cytoplasm to the paternal nucleus to convert 5mC to 5hmC/5fC/5caC. Subsequently, paternal
andmaternal genomes undergo replication-dependent dilution of 5hmC/5fC/5caC inmales and 5mC in females. It
is possible that replication-independent active DNA demethylation may occur in a loci-specific manner in zygotes,
but the exact mechanism is currently unclear. DNAmethylation patterns in ICM are reestablished by de novo DNA
methyltransferases Dnmt3a and Dnmt3b at the blastocyst stage.
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features were also found in the mammalian maintenance
DNA methyltransferase, Dnmt1. The homology search
identified three genes that could potentially encode novel
DNA methyltransferases (Fig. 4). One candidate protein,
Dnmt2, has minimal DNA methyltransferase activity in
vitro and its absence has no discernible effect on de novo
or maintenance methylation of DNA (Okano et al. 1998b).
The other two genes, Dnmt3a and Dnmt3b, encoded relat-
ed catalytically active polypeptides that showed no prefer-
ence for methylating hemimethylated DNA in vitro, unlike
Dnmt1 (Okano et al. 1998a). Inactivation of both Dnmt3a
and Dnmt3b by gene targeting in ES cells confirmed that
these genes constituted the missing de novo DNA methyl-
transferases (Table 1)—ES cells and embryos lacking both
proteins were unable to de novo methylate proviral ge-
nomes and repetitive elements (Okano et al. 1999). More-
over, Dnmt3a and an associated regulatory factor Dnmt3L
were shown to be required for the establishment of distinct
DNAmethylation patterns found at imprinted genes (Hata
et al. 2002; Table 1 in Kaneda et al. 2004; see also Barlowand
Bartolomei 2014).

2.3 CpG Islands and Patterns of DNA Methylation
across the Genome

DNA across the genome of mammalian somatic tissues is
methylated at 70%–80% of all CpG sites. With the contin-
ual advances in technology there has been a constant re-
finement in the level of detail with which we can measure
DNAmethylation at single CpG site resolution in any given

cell type. Mapping studies (see Box 1) indicate that highly
methylated sequences include satellite DNAs, repetitive el-
ements (including transposons and their inert relics), non-
repetitive intergenic DNA, and exons of genes. Most
sequences are methylated according to their frequency of
CpG dinucleotides. Key exceptions to this global methyla-
tion of themammalian genome are theCpG islands (CGIs).

CGIs are GC-rich sequences of ≏1 kb in length that are
nonmethylated in germ cells, the early embryo, and most
somatic tissues (Fig. 5) (Bird et al. 1985). It was in early
mapping studies of individual gene promoters that these
GC-rich regions were identified (McKeon et al. 1982). It is
nowevident thatmost (if not all) CGIsmark the promoters
and 5′ regions of genes. In fact,≏60%of human genes have
CGI promoters.

GeneswithCGIpromoters that are expressed in a tissue-
specific manner are usually expressed in early embryos and
then in the soma. A distinct pattern of DNAmethylation is
found on the inactive X chromosome in females where,
contrary to the norm, CGIs become de novo methylated
in large numbers during the embryonic process of X-chro-
mosome inactivation in female placental mammals (Wolf
et al. 1984). This process is essential for the leak-proof
silencingof geneson the inactivated chromosomenecessary
for dosage compensation, as DNA methylation-deficient
mice or cells show frequent transcriptional reactivation of
X-linked genes (see also Brockdorff and Turner 2014).

Studies of DNA methylation patterns have focused on
the question of how gene expression is regulated by DNA
methylation. CGIs normally remain unmethylated and
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Figure 4. Mammalian DNA methyltransferases. The catalytic domains of Dnmt1, Dnmt2, and the Dnmt3 family
members are conserved (the signature motifs, I, IV, VI, IX, and X, are most conserved in all cytosine methyltransfer-
ases), but there is little similarity among their amino-terminal regulatory domains. Domain abbreviations: PCNA,
PCNA-interacting domain; NLS, nuclear localization signal; RFT, replication foci-targeting domain; CXXC, a
cysteine-rich domain implicated in binding DNA sequences containing CpG dinucleotides; BAH, bromo-adjacent
homology domain implicated in protein–protein interactions; PWWP, a domain containing a highly conserved
“proline-tryptophan-tryptophan-proline” motif involved in heterochromatin association; ATRX, an ATRX-related
cysteine-rich region containing a C2-C2 zinc finger and an atypical PHD domain implicated in protein–protein
interactions.
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multiple mechanisms are involved in protecting CGIs from
denovomethylationbyDnmt3aandDnmt3b.Thediscovery
that two proteins containing a DNA-binding CXXC do-
main—Cfp1 andKdm2a (Fig. 5C)—are able to bind specif-
ically to unmethylated CpGs within CGIs (Blackledge et al.
2010, 2013; Thomson et al. 2010) has provided an inroad to
understanding how unmethylated DNA can contribute to
creating a transcriptionally competent chromatin environ-
ment aswell as protecting it fromdenovoDNAmethylation
(see Section 5.3 and Deaton and Bird 2011; Cheng 2014).

The increasing resolutionwithwhich themethylome of
particular cell types is being analyzed is beginning to reveal
patterns of DNA methylation associated with normal de-
velopment versus disease states such as cancer and aging.
The detail has resulted in the categorization of different
types of CGIs—that is, CGIs containing a transcriptional
start site versus orphan CGIs that can be located intra- or
intergenically. Studies have also revealed other differentially
methylated regions termed shores (up to 2 kb away from a
CGI) and shelves (located within 2–4 kb of a CGI; Fig. 5A)
(Irizarry et al. 2009). One study proposes that the DNA
methylation status of its first exon is a better indicator of

transcriptional repression than its CGI (Brenet et al. 2011).
The relevance these categories of CpG-containing regions
of the genome have with the chromatin environment, tran-
scriptional control and repression, and disease develop-
ment or association requires further analyses.

3 DNA DEMETHYLATION

Developmental biologists have described the waves of
genome-wide DNA demethylation that occur in the germ-
line and in early embryogenesis (Fig. 3), however, the pro-
cess by which DNA methylation is erased has been elusive.
Recent discoveries, described in Secs. 3.2 and 3.3, have
advanced our understanding of the DNA demethylation
process.

3.1 Active and Passive Demethylation
during Development

The mammalian genome is reprogrammed during early
development by both active and passive DNA demethyla-

BOX 1 MAPPING DNA METHYLATION

To understand the functions of DNA methylation, it is first necessary to map methyl CpG in the genome and its dynamic changes
during cell proliferation and differentiation or in development and disease. Several methods have been developed for quantitative
analysis of DNA methylation at the genome scale as well as in a gene locus-specific manner.
. Bisulfite-sequencing (Frommer et al. 1992) This is the most reliable method for testing all cytosines within a region of the

genome. It involves the “bisulfite modification” of single-stranded DNA, which leads to deamination of unmodified cytosines,
whereas 5-methylcytosine is protected. As a result, cytosines that survive bisulfite treatment are identified as methylated.
Because of its high resolution and positive identification of methylated cytosine, this is the method of choice for analyzing
DNA methylation patterns. In combination with next-generation sequencing, the method is widely used for methylome
analysis at the whole-genome scale. Several polymerase chain reaction (PCR)-based methods that depend on prior bisulfite
treatment of DNA have also been developed for rapid analysis of methylation of genes of interest (Herman et al. 1996).

. MeDIP (Weber et al. 2005) Methylated DNA immunoprecipitation (MeDIP) is a versatile approach for unbiased detection of
methylated DNA and can be applied to generate comprehensive DNA methylation profiles on a genome-wide scale. This
method uses a monoclonal antibody that specifically recognizes 5-methylcytidine to enrich methylated genomic DNA
fragments by immunoprecipitation. The methylation status is then determined by PCR for specific regions or by using DNA
microarrays for the whole genome.

. Pyrosequencing (Tost and Gut 2007) Analysis of DNA methylation patterns by pyrosequencing yields reproducible and
accurate measures of the degree of methylation at several CpGs in close proximity with high resolution. The method is highly
sensitive and quantitative, and it is often applied to methylation analysis of specific regions.

. CHARM DNA methylation analysis (Irizarry et al. 2009) Comprehensive high-throughput array-based relative methylation
(CHARM) analysis is amicroarray-basedmethod. It can be applied to custom-designedmicroarray covering thewhole genome
(usually nonrepetitive sequences) or specific regions (e.g., all CGIs). The method is quantitative and data analysis is straight-
forward. It has an advantage over othermethodswhen it comes to comparingDNAmethylation patterns from a large number of
samples.

. A few commercially available technologies
Illumina methylation chip http://www.illumina.com/products/methylation_450_beadchipkits.ilmn
Sequenom EpiTYPER http://www.sequenom.com/Sites/Genetic-Analysis/Applications/DNA-Methylation
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tion processes (Wu and Zhang 2010). Active DNA deme-
thylation refers to an enzymatic process that results in the
removal of the methyl-group from 5mC. In contrast, pas-
sive DNA demethylation refers to the lack of maintenance
methylation during successive rounds of DNA replication
either in the absence of Dnmt1 or because of its inhibition
(Fig. 2). Immunostaining using an anti-5mC antibody ini-
tially showed that the 5mC levels of the maternal genome
went through a replication-dependent dilution process
(i.e., passive demethylation) during preimplantation devel-
opment (Rougier et al. 1998). In contrast, the 5mC levels of
the paternal genome dramatically decrease a few hours after
fertilization (Fig. 3) (Mayer et al. 2000). Bisulfite sequenc-
ing confirmed that some of the repeat sequences, but not
imprinted genes, of the paternal genomes were indeed de-

methylated (Oswald et al. 2000). Given that no DNA rep-
lication occurs during this period, the loss of 5mC in the
paternal genome is considered “active.”

Another placewhere global loss of 5mC is observed is in
the primordial germ cells (PGCs). At embryonic stage E7.5,
a subset of posterior epiblast cells is specified to become
PGCs. At the beginning of their specification as well as
during migration toward the genital ridge, PGCs are be-
lieved to have the same epigenetic marks as other epiblast
cells. However, by the time they arrive at the genital ridge at
E11.5 many of the epigenetic marks including DNA meth-
ylation have been erased (Hajkova et al. 2002; Yamazaki
et al. 2003). Because PGCs have undergone several cell cy-
cles in the presence ofDnmt1during this process, the loss of
DNA methylation is likely to be active. Also, because DNA
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methylation of the imprinted genes is also erased during
this period, it is believed thatDNAmethylation patterns are
reset during germ cell development (Sasaki and Matsui
2008).

Active DNA demethylation has been reported in so-
matic cells in a locus-specific manner. For example, acti-
vated T lymphocytes undergo active demethylation at
the interleukin-2 promoter-enhancer region in the absence
of DNA replication within 20 min of stimulation (Bruni-
quel and Schwartz 2003). In addition, locus-specific de-
methylation occurs at the promoter of brain-derived
neurotrophic factor (Bdnf ) in depolarized neurons (Mar-
tinowich et al. 2003), and for other loci during nuclear
hormone regulated gene activation (Kangaspeska et al.
2008; Metivier et al. 2008). Furthermore, locus-specific
DNA demethylation occurs at the Oct4 and Nanog pro-
moters when mouse ES cells are fused with human fibro-
blasts (Bhutani et al. 2010). Because no DNA replication
takes place in the processes described above, active DNA
demethylation is believed to be responsible for the loss of
DNA methylation.

3.2 Tet-Mediated 5mC Oxidation

The observations described above have prompted the hunt
for putative DNA demethylases. Most of the early studies

were inconclusive in identifying the putative enzyme(s) or
elucidating themechanismof demethylation (Ooi and Bes-
tor 2008;WuandZhang 2010). This situation changedwith
the identification of 5-hydroxymethylcytosine (5hmC) as a
bona fide base of mammalian genomic DNA (Kriaucionis
and Heintz 2009; Tahiliani et al. 2009) and the demonstra-
tion that Tet proteins are responsible for the conversion of
5mC to 5hmC (Fig. 6) (Tahiliani et al. 2009; Ito et al. 2010).
This initial discovery is described in the article by Skirman-
tas and Tahiliana (this collection).

Using thin layer chromatography and mass spectrome-
try assays, it was found that 5hmC is relatively abundant in
the Purkinje neurons and mouse ES cells (Kriaucionis and
Heintz 2009; Tahiliani et al. 2009). Importantly, the human
TET1proteinwas shown tobe able to convert 5mCto5hmC
inan ironand2-oxoglutarate-dependentmanner (Tahiliani
et al. 2009). This enzymatic activity is conserved in all three
Tet family proteins (Fig. 7) (Ito et al. 2010). Based on the
similar chemistry between Tet-catalyzed 5mC oxidation
and thymine hydroxylase-catalyzed thymine oxidation, it
was proposed that Tet-mediated 5mC oxidation should be
able to proceed further to generate 5-formylcytosine (5fC)
and 5-carboxylcytosine (5caC) (Fig. 6) (Wu and Zhang
2010). This proposed activity was experimentally shown
both in vitro and in vivo (He et al. 2011; Ito et al. 2011).
Mass spectrometry analysis has indicated that 5hmC and
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5fC are broadly present in the genomic DNA of various
tissues and cell types (Ito et al. 2011; Pfaffeneder et al.
2011), whereas the presence of 5caC appears to be more
limited (He et al. 2011; Ito et al. 2011). Collectively, Tet
proteins can oxidize 5mC not only to 5hmC, but also to
5fC and 5caC.

3.3 Tet-Mediated DNA Demethylation

Tet-mediated iterative oxidation of 5mC described in Sec.
3.2 (Fig. 6), may contribute to the dynamic changes in
global or locus-specific levels of 5mC (Wu and Zhang
2011). The conversion of 5mC to 5hmC is expected to
prohibit maintenance of existing DNA methylation pat-
terns given that 5hmC is not recognized by Dnmt1 during
DNA replication (Valinluck and Sowers 2007), leading to
passive DNA demethylation during cell division. In addi-
tion, the 5mC oxidation products 5fC and 5caC may serve
as intermediates for active DNA demethylation as both can
be cleaved by the thymine-DNA glycosylase (TDG) (He
et al. 2011; Maiti and Drohat 2011). These studies have
raised the possibility that Tet-mediated 5mC oxidation fol-
lowed by TDG-mediated excision of 5fC/5caC and base
excision repair (BER) might be one of the pathways for
active DNA demethylation (Fig. 6). Consistent with this,
disruption of the Tdg gene in mouse results in increased
DNA methylation at certain genomic loci (Cortazar et al.
2011; Cortellino et al. 2011). In plants, a similar glycosy-
lase-initiated BER mechanism is responsible for DNA de-
methylation through members of the repressor of silencing
1 (ROS1)/Demeter familyof 5mC glycosylases (Zhu 2009).
More studies are required to ascertain which in vivo mech-
anisms of active or passive DNA demethylation are at work
at the different loci and genomic regions, in different cell
types, and at different stages of development. A start has

been made in establishing the players involved in early
embryonic DNA demethylation as described in Sec. 4.4.

3.4 Tet-Mediated Demethylation in Zygotes
and Preimplantation Embryos

The discovery that Tet proteins are biochemically able to
oxidize 5mCmade it possible to test which protein may be
responsible for the specific loss of 5mC in the paternal
genome in zygotes. Immunostaining revealed that the de-
crease in 5mCstaining in the paternal pronucleus in zygotes
coincides with appearance of 5hmC/5fC/5caC (Gu et al.
2011; Inoue et al. 2011; Iqbal et al. 2011; Wossidlo et al.
2011). Studies showed that Tet3 is highly expressed in zy-
gotes, and its small interfering RNA-mediated knockdown
or targeted deletion abolishes 5mC oxidation, supporting
the notion that Tet3 is responsible for 5mCoxidation in the
zygotes (Gu et al. 2011; Wossidlo et al. 2011).

The asymmetric appearance of 5hmC in the sperm-de-
rived chromosomes persists into two-cell-stage embryos,
and gradually decreases until the morula stage (Inoue and
Zhang 2011). This suggests that 5hmC is not rapidly re-
moved at a genome-wide scale, but rather lost by “passive”
replication-dependent dilution. Similar results have also
been obtained for 5fC and 5caC (Inoue et al. 2011). There-
fore, the dynamic changes in 5mC during preimplantation
appear to involve both “passive” and “active” processes:
DNA methylation in the maternal genome is “passively”
diluted through replication, and 5mC in the paternal ge-
nome first goes through a Tet3-mediated oxidation process
in zygotes followed by a “passive” replication-dependent
dilution process (Fig. 3). The biological significance of
the Tet3-catalyzed oxidation in zygotes is currently un-
known, and it remains to be seen whether individual loci
conform to this general trend.
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Figure 7. Domain structure of the mouse Tet family proteins. Schematic diagrams of predicted conserved domain
structures in the three mouse Tet proteins. The conserved domains include CXXC zinc-binding domain, the
cysteine-rich domain, and the double-stranded b-helix (DSBH) found in members of the dioxygenase superfamily
proteins. Both the Cys-rich and the DSBH domains have been shown to be critical for enzymatic activity. Numbers
indicate amino acid numbers.
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4 REGULATION OF GENE EXPRESSION
BY DNA METHYLATION

DNA methylation of gene promoter regions is associated
with transcription repression. Studies of the effects of DNA
methylation in mammalian cells became possible with the
discovery that the nucleoside analog 5-azacytidine could
inhibit DNA methylation in living cells (Jones and Taylor
1980). 5-azacytidine is incorporated into DNA in place of
cytidine and forms a covalent adduct with DNA methyl-
transferases preventing furtherDNAmethylation. Silencing
of several genes, including viral genomes (Harbers et al.
1981) and genes on the inactive X chromosome (Wolf
et al. 1984), had previously been shown to correlate with
their methylation. The ability of 5-azacytidine treatment to
restore their expression (Mohandas et al. 1981) argued that
DNA methylation played a causal role in their repression.
Thiswas latercorroboratedby genetic analysis usingDnmt1
knockout mice, demonstrating that inactivation of Dnmt1
resulted in genome-wide loss of DNA methylation and ac-
tivation of inactive X silenced genes, viral genes, and im-
printed genes such as H19 and IGF2 (Li et al. 1993).

4.1 Interference with Transcription
Factor Binding

HowdoesDNAmethylation interferewith gene expression?
One obvious possibility is that the presence of methyl
groups in the major groove (see Fig. 1) interferes with the
binding of transcription factors that activate transcription
from a specific gene. A number of transcription factors rec-
ognize GC-rich sequence motifs that can contain CpG se-
quences. Several of these are unable to bind DNAwhen the
CpG sequence ismethylated (Watt andMolloy 1988). Proof
that thismechanismoperates ingene regulationcomes from
studies of the role of the CTCF protein in imprinting at the
H19/Igf2 locus in mice (Bell and Felsenfeld 2000). CTCF is
associated with transcriptional domain boundaries (Bell
et al. 1999) and can insulate a promoter from the influence
of remote enhancers. The maternally derived copy of the
Igf2 gene is silent owing to the binding of CTCF between
its promoter and a downstream enhancer. At the paternal
locus, however, the CpG-rich CTCF binding sites aremeth-
ylated, preventing CTCF binding and thereby allowing the
downstream enhancer to activate Igf2 expression. Although
there is evidence that H19/Igf2 imprinting involves addi-
tional processes, the role ofCTCF represents a clear example
of transcriptional regulation by DNA methylation (for
more details, see Barlow and Bartolomei 2014).

A recent study revealed that DNA-binding factors can
also shape DNA methylation patterns. Whole genome bi-
sulphite sequencing analysis of embryonic stem cells and

neuronal progenitors revealed the existence of low-meth-
ylated regions (LMRs) at CpG-poor distal regulatory re-
gions (Stadler et al. 2011). Interestingly, LMRs are occupied
by transcription factors and their binding is both necessary
and sufficient to generate LMRs, indicating transcription
factors can influence local DNA methylation.

4.2 Recruitment of Methyl-CpG Binding Proteins
and Repressor Complexes

The second mode of repression is opposite to the first as it
involves proteins that are attracted to rather than repelled
by methyl-CpG (Fig. 8). Evidence for such a mechanism
came initially from the identification of the methyl-CpG
binding protein complex, MeCP1, and subsequent purifi-
cation and cloning of MeCP2 (Meehan et al. 1989). Pro-
teins with DNA-binding motifs related to that of MeCP2
were identified using database searches, and designated the
methyl-CpG binding domain (MBD) family comprising
MeCP2, MBD1, MBD2, MBD3, and MBD4 (Bird and
Wolffe 1999). Three of the MBD proteins, MBD1, MBD2,
and MeCP2, have been implicated in methylation-depen-
dent repression of transcription (Table 2) (Bird andWolffe
1999). An unrelated protein, Kaiso, has also been shown to
bind methylated DNA and bring about methylation-de-
pendent repression in model systems (Table 2) (Pro-
khortchouk et al. 2001; Yoon et al. 2003).

MeCP2 associateswith themSin3acorepressor complex
and depends on histone deacetylation for its action (Jones
et al. 1998; Nan et al. 1998). This finding showed that DNA
methylation can be read byMeCP2, and provides a signal to
alter chromatin structure (Fig. 9). Each of the four methyl-
CpG binding proteins has since been shown to associate
with different corepressor complexes. Of particular interest
is MBD1, which associates with the histone lysine methyl-
transferase SETDB1 only during DNA replication (Sarraf
and Stancheva 2004). This may ensure continued histone
H3K9methylation at chromosomalMBD1 target sequenc-
es for stable silencing of the associated genes.

MBD2 is the DNA-binding component of MeCP1,
whichwas initially implicated as a transcriptional repressor
in cellular extracts (Meehan et al. 1989; Boyes and Bird
1991).MeCP1 is a largemultiprotein complex that includes
the NuRD (or Mi-2) corepressor complex and MBD2
(Wade et al. 1999; Feng and Zhang 2001). NuRD comprises
histonedeacetylases (HDAC) and a large chromatin remod-
eling protein (Mi-2) (Zhang et al. 1998). NuRD can be
recruited to DNA by several DNA-binding proteins other
than MBD2. Cells that lack MBD2 are unable to effectively
repressmethylated reporterconstructs, despite the presence
of other methyl-CpG binding proteins in these cells, argu-
ing that it is an important component of the repression
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system (Hendrich et al. 2001). MBD2-deficient mice are
viable and fertile, although they have a defect in maternal
behavior (Hendrich et al. 2001), and careful examination
has revealed aberrations in tissue-specific gene expression.
For example, expression of the interleukin-4 and interferon-
g genes during T-helper cell differentiation is significantly
disrupted (Hutchins et al. 2002).

5 INTERACTIONS BETWEEN DNA METHYLATION
AND HISTONE MODIFICATIONS

One of the important questions in the field is how DNA
methylation coordinates with other modifications in chro-
matin to regulate gene expression and other chromatin-
based processes. Given that DNA and histones are integral

Table 2. Functions of methyl-CpG binding proteins

MBP Major activity Species Major phenotypes of loss-of-function mutations

MeCP2 Binds mCpG with adjacent run AT-rich run

Transcriptional repressor

Mouse Delayed onset neurological defects including inertia, hindlimb

clasping, nonrhythmic breathing, and abnormal gait. Postnatal

survival ≏10 wk.

MECP2 Binds mCpG with adjacent AT run

Transcriptional repressor

Human Heterozygotes suffer from Rett syndrome, a profound neurological

disorder characterized by apraxia, loss of purposeful hand use,

breathing irregularities, and microcephaly

Mbd1 Binds mCpG via MBD; a major splice form is

also able to bind CpG via a CxxC domain

Mouse No overt phenotype, but subtle defects in neurogenesis detected

Mbd2 Binds mCpG

Transcriptional repressor

Mouse Viable and fertile, but show reduced maternal nurturing behavior.

Defective gene regulation in T-helper cell differentiation leading

to altered response to infection. Highly resistant to intestinal

tumorigenesis.

Mbd3 Core component ofNuRDcorepressor complex

Does not show strong binding to mCpG

Mouse Early embryonic lethal

Mbd4 DNA repair protein that binds mCpG and T:G

mismatches at mCpG sites

Thymine DNA glycosylase that excises T from

T:G mismatches

Mouse Viable and fertile. three- to fourfold increase in mutations at CpG

sites. Increased susceptibility to intestinal cancer correlates with C

to T transitions within theApc gene.Mbd4 functions tominimize

the mutability of 5-methylcytosine.

Kaiso Binds mCGmCG and CTGCNA

Transcriptional repressor

Mouse No overt phenotype. Small but significant delay in tumorigenesis on

Min background.

MeCP2

MBD1

MBD2

MBD3

TRD

POZ

MBD4

KAISO

TRDCXXC

GR repeat

MBD

Zinc fingers

Glycosylase

Figure 8. Proteins that bind methyl-CpG. Five members of the MBD protein family are aligned at their MBD
domains (purple). Other domains are labeled and include TRD; CXXC domains, which are zinc fingers, some of
which are implicated in binding to nonmethylated CpG; GR repeats that may bind; a T:G mismatch glycosylase
domain that is involved in repair of 5mC deamination. Kaiso lacks theMBD domain, but bindsmethylated DNAvia
zinc fingers (orange) and possesses a POB/BTBdomain that is sharedwith other transcriptional repressors. Domain
abbreviations: MBD, methyl-CpG binding domain; TRD, transcriptional repression domain; POZ, poxvirus and
zinc finger, a protein–protein interacting domain.

E. Li and Y. Zhang

12 Cite this article as Cold Spring Harb Perspect Biol 2014;6:a019133

 on August 25, 2022 - Published by Cold Spring Harbor Laboratory Press http://cshperspectives.cshlp.org/Downloaded from 

http://cshperspectives.cshlp.org/


Ub

Dnmts and recruitment
of repressor complex

AAAAAAAAAAAAAAccccccccccccccccccccccccccccccccccccccccccAAAAAA

of repressor comp

AAAAAAAAAAAAAcccccccccccccccccccccccccccccccccccccccAAAAAAAA

DR

AAAAAAAAAAAAccccccccccccccccccccccccccccccccccccccccAAAAA AAAAAAAAAAAAccccccccccccccccccccccccccccccccccccccccccAAAAAAAAA AAAAAAAAAAAAAcccccccccccccccccccccccccccccccccccccAAAAAAAAA AAAAAAAAAAAAAAAAccccccAAAAAAAAccccccccccccccccccccccccccccccccccccccc

MMMeMeMe

AAAAAAAAAAAAcccccccccccccccccccccccccccccccccccccccccccAAAAA AAAAAAAAAAAAAAcccccccccccccccccccccccccccccccccAAAAA

Act ive

Transi t ion

Repressed

onInitiation

excompl x

AAAAAAAAAAAAAAAcccccccccccccccccccccccccccccccccccccccccAAAAAAAAA

CpG Island

Histone
deacetylation

ncRNA

Silencing by DNA methylation

and H3K9 methylatio

Silencing by PRC2 / H3K27me3

DNA methylation?

??

PRC2-mediated repression

Silencing by PRC1 / H2Aub

Ub

PRC1-mediated repression

KDM2A

ylation

on

AAAAAAAAAAAccccccccccccccccccccccccccccccccccccccccccccccccAAAAAAA

Ub

Unmethylated C H3K4me3 H3K36me2/3 e acetylationHistone

5-Methylcytosine H2A ubiquitination H3K9me3 7me3H3K27

KDM2B

HDAC

Me
Me

Me
Me

Me
Me

Me Me

Me

Me Me

Me

Me Me

Me

Me Me

Me

Me Me

Me

Me Me

Me

Me Me

Me

Tet

MMMMeMeMe

Me Me
Me

Me
Me

Me

Me
Me

Me

Me Me
Me

Me Me
Me

Me
Me

Me Me

Me

MMMeMeMe

Dnmt

Dnmt

MMMMeMeMe

MMMMeMeMe

MMMMeMeMe

MMMeMeMe MMMMeMeMe

MMMMeMeMe

PRC2

PRC2

Dnmt3

Me Me
Me

PRC1L

Me Me
Me

Me Me
Me

Set1

Cfp1

onInitiatio
excomple

Initiation

complex
Initiation

complex

Me
Me

Me

PTM
enzymatic

activity

HKMT

MBD

HDAC

Initiation

complex

Repressor/

remodeler

complex

Figure 9. Recruitment of corepressors by methyl-CpG binding proteins. A hypothetical transition between an active, nonmethylated gene
promoter and a repressed promoter whose silence is attributable to DNA methylation, as mediated by complexes containing an MBD protein
such as MeCP2 (gray shading). The transition phase represents an intermediate step during which transcription is silenced and DNA
methylation occurs. MeCP2 is envisaged to recruit the NCoR histone deacetylase (HDAC) complex and histone lysine methyltransferase
(HKMT) activity to themethylated sites. In addition, there is some evidence thatMeCP2 can directly repress (DR) transcription by contact with
the transcription initiation complex. Other methyl-CpG binding proteins can also interact with and potentially recruit distinct corepressor
complexes that include HKMTand/or HDAC activity. PRC1 and PRC2 are also involved in silencing gene expression through histone H3K27
methylation, catalyzed by PRC2 (left outcome). One of the mechanisms by which they function together to regulate the same set of target genes
is through the recognition of theH3K27me3mark by the chromodomain protein in the PRC1 complex. PRC1 can also be recruited by the CxxC
domain–containing protein Kdm2b to effect gene silencing (right outcome). Proteins with known histone posttranslational modifying (PTM)
activity are indicated.
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components of chromatin, it is not surprising that DNA
methylation interacts with histone modifications, as in-
troduced in Section 4. Recent studies have revealed that
interactions between DNA methylation and histone
modifications play an important role in regulating chro-
matin dynamics and various biological processes (Cedar
and Bergman 2009). Because histone modifications are
highly conserved in evolution from yeast to mammals,
whereas DNA methylation is not, the interaction between
histone modifications, chromatin-associating factors, and
DNA methylation may reveal new epigenetic mechanisms
that are unique to vertebrates or mammals.

5.1 DNA Methylation and Histone
Deacetylation

Previous studies have established that promoter DNA
methylation is generally linked to transcriptional repres-
sion whereas histone acetylation is generally linked to tran-
scriptional activation. Consequently, DNA methylation
inversely correlates with histone acetylation. Consistent
with this general trend, MBD proteins that recognize and
bind to methylated DNA sequences are mostly associated
with HDACs (Fig. 9) (Bird and Wolffe 1999). For example,
the first identified MBD protein, MeCP2 associates with
the Sin3AHDAC complex and is believed to be responsible
for mediating transcriptional silencing by DNA methyla-
tion (Jones et al. 1998; Nan et al. 1998). In addition, the
MBD protein, MBD2, associates with the nucleosome re-
modeling and histone deacetylase (NuRD) corepressor
complex (Feng and Zhang 2001), and is believed to be
the MeCP1 transcriptional repressor initially identified in
cellular extracts (Meehan et al. 1989; Boyes and Bird 1991).
Another example comes from a report demonstrating that
interaction between MBD1 and HDAC3 mediates the es-
tablishment andmaintenance of a silenced chromatin state
directed by the chimeric PML-RARa gene, which functions
as a constitutive transcriptional repressor in cancer (Villa
et al. 2006).

5.2 DNA Methylation and H3K9 Methylation

Both DNA methylation and H3K9 methylation are associ-
ated with stable gene silencing, which is observedmainly in
heterochromatin. Heterochromatin encompasses tran-
scriptionally inert genomic regions that are enriched with
repeat sequences and retrotransposons. It is believed that
one of the major functions of DNA methylation is the si-
lencing retrotransposons to maintain genome integrity
(Bestor and Bourc’his 2004). Given that both H3K9 meth-
ylation and DNA methylation are features of heterochro-
matin, several studies have focused on the relationship

betweenDNAmethylationandH3K9methylation.Thefirst
evidence that links DNAmethylation toH3K9methylation
came from genetic studies in the fungusNeurospora crassa,
in which deletion of the H3K9 methyltransferase Dim5 re-
sulted in a complete loss of DNAmethylation (Tamaru and
Selker 2001; Aramayo and Selker 2013). However, the rela-
tionship betweenDNAmethylation andH3K9methylation
is more complex in mammals. Absence of the H3K9me3
methyltransferase, Suv39h1/Suv39h2, does not lead to a
complete loss of DNAmethylation, but results in reduction
of DNA methylation in heterochromatic repeat sequences
(Lehnertz et al. 2003). Other studies showed that the
H3K9me2-specific methyltransferase G9a/GLP interacts
directly with Dnmt1 (Esteve et al. 2006) and is required
for de novo DNA methylation of retrotransposons in ES
cells (Dong et al. 2008). The UHRF1 (ubiquitin-like PHD
and RING finger domain-containing 1) protein further
links DNA methylation to H3K9 methylation by binding
directly to methylated H3K9 to maintain the stability of
DNMT1 (Rothbart et al. 2012). Furthermore, MPP8, the
H3K9me-binding protein, can mediate the interaction be-
tween G9a/GLPandDnmt3a (Chang et al. 2011). Finally, a
third H3K9 methyltransferase SETDB1 was reported to in-
teract with Dnmt3a (Li et al. 2006). Therefore, multiple
H3K9methyltransferases can directlyor indirectly associate
with DNAmethyltransferases to coordinate H3K9 methyl-
ation with DNA methylation.

5.3 H3K4 Methylation Inhibits Promoter
CGI Methylation

A key question in the DNAmethylation field has been how
a CGI is protected from DNA methylation when most
CpGs are methylated. The discovery of two proteins—
Cfp1 and Kdm2a—that bind specifically to nonmethylated
CpGs via the CXXC domain (Fig. 5) has brought us closer
to understanding the mechanism. A feature of active gene
promoters is its enrichment of the H3K4me3 mark
(Guenther et al. 2007). An enzyme that writes this mark,
Setd1, a member of the MLL family of H3K4 methyltrans-
ferases, has been shown to be recruited to CGIs in neuronal
progenitor cells, through its interactionwith the CpGbind-
ing protein Cfp1 (Thomson et al. 2010). Cfp1 binds only
unmethylated CpG sequences found in CGIs through its
CXXC domain. The enrichment of H3K4me3 at the CGIs,
through the action of Setd1, is likely to be one of the reasons
that prevent CGIs from being methylated. Conversely, un-
methylated H3K4 enhances the access of the de novo DNA
methylation enzymes, Dnm3a/Dnmt3b, to CGIs (Fig. 9).
As Dnmt3a and Dnmt3b function in complex with
Dnmt3L (Ooi et al. 2007), it was interesting to note that
Dnmt3L selectively recognizes nucleosomes that lackH3K4
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methylation (elaborated in Cheng 2014). Another factor
contributing to the protection of CGIs from DNA methyl-
ation is an enrichment of Tet1 (Williams et al. 2011; Wu
et al. 2011). Given that Tet1 has the capacity to oxidize 5mC
to 5hmC and 5fC/5caC, and the latter can be processed by
TDG followed by base excision repair (Fig. 6), any “acci-
dental” methylation at CGIs could thus be potentially
removed.

5.4 DNA Methylation and H3K27 Methylation

The first link between DNAmethylation andH3K27meth-
ylation was suggested by the demonstration that EZH2 can
interact with all three DNMTs in vitro (Vire et al. 2006).
However, subsequent studies in cancer cells revealed that
gene silencing by H3K27me3 is independent of promoter
DNA methylation (Kondo et al. 2008). Genome-wide
location studies in ES cells have revealed that CpG-rich
sequences are indeed enriched for the H3K27methyltrans-
ferase PRC2 (Mendenhall et al. 2010) indicating that
H3K27me3 enriched promoters are usually devoid of
DNA methylation. However, many promoters marked by
H3K27me3 in ES cells become silenced and DNA methyl-
ated during differentiation, suggesting a cell type–depen-
dent cross talk between H3K27 methylation and DNA
methylation (Fig. 9) (Mohn et al. 2008). In addition to
cell types, the relationship between H3K27 methylation
and DNA methylation can also be affected by the location
of the modifications (Wu et al. 2010).

5.5 DNA Methylation and ATP-Dependent
Chromatin Remodeling

In addition to histone modifications, ATP-dependent nu-
cleosome remodelers have been linked to DNA methyla-
tion. Evidence that ATP-dependent remodeling factors are
needed to ensure appropriate DNA methylation came ini-
tially from research in plants, in which the SNF2-like pro-
tein DDM1 was shown to be essential for full DNA
methylation of the Arabidopsis thaliana genome (Jeddeloh
et al. 1999). An equivalent dependence is seen in animals as
mutations in human ATRX (Gibbons et al. 2000) and the
mouse Lsh2 genes (Dennis et al. 2001), both of which en-
code relatives of the chromatin remodeling protein SNF2,
have significant effects on global DNA methylation pat-
terns. Loss of the LSH2 protein, in particular, matches the
phenotype of theDDM1mutation in Arabidopsis, in which
methylation of highly repetitive DNA sequences is lost,
although some DNA methylation is retained elsewhere in
the genome. Perhaps efficient global DNA methylation of
the genome requires conformational changes in chromatin

structure by these chromatin remodeling factors so that
DNMTs can gain access to theDNA.Collaboration between
DNMTs and chromatin remodeling factors that allow them
access may be particularly important in regions that are
“heterochromatic” and inaccessible (Fig. 9).

6 DNA METHYLATION AND DISEASES

DNA methylation plays an important role in regulating
tissue-specific gene expression and the repression of viral
gene expression. It is also involved in the establishment and
maintenance of genomic imprinting and X inactivation,
and in the regulation of chromosome stability. Alterations
in DNA methylation have been associated with cancer and
several other diseases.

6.1 Methyl CpG as Hot Spots for Mutation

The disadvantage of having DNA methylation as an epige-
netic system of cellular memory is the mutability of 5mC.
Cytosine (C) deaminates spontaneously to give uracil (U),
which is then mispaired with guanine. This potential mu-
tation is recognized by uracil DNA glycosylases, which ef-
ficiently remove the inappropriate base and initiate repair
to restore C in place of U.When 5mC deaminates, however,
thymine (T) is formed. This also results in a mismatch, but
the fact that T, unlike U, is a natural DNA base appears to
interfere with the efficient repair of the lesion. As a result,
the mutant thymine base can persist through DNA repli-
cation and is passed on to progeny cells as a C to T transi-
tion mutation. Mutations of this kind appear to be one of
the most frequent single causes of genetic disease in hu-
mans, as approximately one third of all pointmutations are
C to T transitions at CpG sequences (Cooper and Youssou-
fian 1988). The instability of CpG over evolutionary time is
further shown by the four- to fivefold underrepresentation
of CpG in the mammalian genome (Bird 1980). The only
exceptions are CGIs, within which CpGs are nonmeth-
ylated and therefore stable.

MBD4 is so far unique among methyl-CpG binding
proteins in that it has enzymatic activity. The MBD4 car-
boxy-terminal domain is a thymine DNA glycosylase that
can selectively remove T from a T-G mismatch in vitro
(Hendrich et al. 1999). This activity would be expected of
a DNA repair system that corrects 5mC deamination. Con-
firming this hypothesis, mice lacking MBD4 show en-
hanced mutability of methylated cytosine residues at a
chromosomal reporter sequence (Millar et al. 2002). In
addition,Mbd4-null mice acquire C to T transition muta-
tions within the adenomatous polyposis coli gene and
have an increased frequency of intestinal tumorigenesis
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(Table 2). It is noteworthy that, in spite of the existence of
a dedicated repair system, sites of cytosine methylation
persist as hot spots for mutation.

6.2 Methylation of Promoter CGIs

Aberrant methylation of promoter CGIs can lead to silenc-
ing of gene expression and disease. Inactivation of growth
inhibitory genes (and pathways) by methylation of pro-
moter CGIs is the most common epigenetic mechanism
contributing to cancer. What triggers aberrant methylation
of promoter CGIs remains largely unknown (for further
discussion, see Jones and Baylin 2014).

Methylation of the CGI at the 5′ region of the FMR1
gene is shown to be the cause of fragile X syndrome (FXS).
FXS is associated with triplet repeat expansion in the 5′

region of the FMR1 gene. Normal individuals have less
than 50 CGG repeats, whereas the FXS patients have more
than 200 CGG repeats. The genetic change caused by repeat
expansion to more than 200 copies leads to de novo meth-
ylation of the CGIs and silencing of the FMR1 gene (Peprah
2012). In rare cases, individuals with more than 200 triplet
repeats but an unmethylated CGI are completely normal.
This indicates that promoter CGI methylation induced by
CGG repeat expansion causes the disease and can be stably
inherited (Peprah 2012).

6.3 DNA Hypomethylation and Chromosome
Instability

Although DNA methylation is clearly mutagenic, there is
evidence that its presence is beneficial with respect to chro-
mosomal stability. Mice possessing ≏10% of normal levels
of DNA methylation, caused by a hypomorphic mutation
of Dnmt1, acquire aggressive T cell lymphomas that often
display trisomy of chromosome 15 (Gaudet et al. 2003).
Mutations of DNMT3B in patients with ICF syndrome or
inactivation of Dnmt3b in mice lead to various chromo-
somal aberrations including chromosome fusion, break-
age, and aneuploidy (Ehrlich 2003; Dodge et al. 2005).
These results are of interest because cancers often display
reduced levels of DNA methylation, which may contribute
to tumor initiation or progression (see also Jones and Bay-
lin 2014). One possible explanation for the result is that
DNA methylation contributes to accurate chromosome
segregation, and in its absence it is more frequent to have
nondisjunction leading to chromosome aberrations. Alter-
natively, DNA methylation may suppress the expression
and recombination of retrotransposons in the mammalian
genome thereby protecting chromosomes from deleterious
recombination. Indeed DNA methylation has been shown

to play a critical role in silencing the transcription of retro-
transposons during embryonic development and sperma-
togenesis (Bestor and Bourc’his 2004).

6.4 Rett Syndrome

The existence of multiple methyl-CpG binding proteins
with repressive properties argues that these may be impor-
tant mediators of the methylation signal. This is illustrated
most strikingly by the finding that mutations in the human
MECP2 gene are responsible for a severe neurological dis-
order called Rett syndrome (RTT). RTTaffects females that
are heterozygous for new mutations in the X-linked
MECP2 gene (Table 2) (Amir et al. 1999). Because of ran-
dom X-chromosome inactivation, the patients are mosaic
for expression of either the mutant or the wild-type gene.
Affected girls develop apparently normally for 6–18
months, at which time they enter a crisis that leaves them
with greatly impaired motor skills, repetitive hand move-
ments, abnormal breathing, microcephaly, and other
symptoms (Table 2). Males who are hemizygous for com-
parable mutations do not survive. Interestingly, duplica-
tion of the MECP2 gene also leads to a profound autism-
like syndrome, suggesting that too much of this protein is
also deleterious (Lubs et al. 1999; Meins et al. 2005).
Mecp2-null mice are born and develop normally for several
weeks, but they acquire neurological symptoms at about 6
weeks of age, leading to death at about 12 weeks. Several
features of this phenotype recall human Rett syndrome,
making the mouse a convincing model for the disorder
(Guy et al. 2001). There is no evidence for increased brain
cell death in MeCP2-deficient human patients or mice,
raising the possibility that restoration of a functional
MECP2 gene could rescue the phenotype. Indeed, activa-
tion of the gene in severely affected male or female mice
dramatically reverses neurological symptoms, raising the
possibility that Rett syndrome in humans is curable (Guy
et al. 2007).

Biochemical and immunocytochemical studies have
established that MeCP2 is extremely abundant in the
brain, particularly in neurons in which there are nearly
20 million molecules per nucleus (Skene et al. 2010). Ac-
cordingly, chromatin immunoprecipitation shows that
MeCP2 is not targeted to specific genes, but coats the ge-
nome in a DNA methylation-dependent manner. Interest-
ingly MeCP2 becomes phosphorylated at a specific serine
residue on neuronal firing and this may play a role in mod-
ulating MeCP2 function (Zhou et al. 2006). The role of
MeCP2 is not confined to neurons, however, as its presence
is also required in glia (Lioy et al. 2011).

Given the potential role of MeCP2 as a transcriptional
repressor, an attractive hypothesis to explain Rett syndrome
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is that genes in the brain needing to be silenced escape
repression in its absence. Although there is evidence for
derepression of transcription from retrotransposons (Muo-
tri et al. 2005) and repetitive elements (Skene et al. 2010) in
the absence of MeCP2, results of genome-wide transcrip-
tion analysis are complex. MeCP2-deficient mouse brains
show modest over- and underexpression of many genes.
Bdnf, for example, is consistently down-regulated in the
MeCP2-deficient brain (Chen et al. 2003; Martinowich
et al. 2003). Interestingly, overexpression of MeCP2 leads
to increased expression of many genes that are down-reg-
ulated in Mecp2-null brains and vice versa. One potential
explanation for this reciprocal behavior is that MeCP2 can
activate as well as repress transcription (Chahrour et al.
2008). There is evidently more to learn about the precise
role of MeCP2 in the brain.

7 FUTURE DIRECTIONS

Our understanding of the biological functions of DNA
methylation in mammals has been growing steadily, but is
far from complete. For instance, unlike genetic mutations,
we know very little about the rate of changes in CpGmeth-
ylation in mammals, or the intrinsic and environmental
factors that induce changes in DNA methylation patterns.
Accumulating evidence indicates that changes in DNA
methylation and histone modifications contribute to the
pathogenesis of many diseases such as cancer, diabetes,
autoimmune, and neurological disorders as well as the ag-
ing process. Modulation of epigenetic states of the genome
or gene expression is thus becoming a new therapeutic
approach for the treatment of these diseases. Advances in
the following areas will have significant impact on our un-
derstanding of the epigenetic mechanisms in disease and
development of new medicine.

7.1 Profiling the Epigenome in Disease

Many complex diseases, such as type II diabetes, schizo-
phrenia, autoimmune diseases, and some forms of cancer
often cannot be explained by simple genetic alterations.
The dynamic nature of epigenetic regulation is increasingly
providing an alternative explanation for some of the fea-
tures of complex diseases, which include late onset, gender
effects, parent-of-origin effects, discordance of monozy-
gotic twins, and fluctuation of symptoms (Gasser and Li
2011). Although growing evidence has linked aberrant
DNA methylation and histone modifications to cancer,
the role of epigenetic mechanisms in the etiology of many
other complex diseases is largely unknown. Comparative
studies of genome-wide DNA methylation patterns be-
tween normal and disease populations may provide insight

into the epigenetic basis for various complex diseases (see
also Beaudet and Zoghbi 2014).

Recent advances in next generation sequencing tech-
nology has made it technically and financially possible to
perform genome-wide analysis of DNA methylation pat-
terns (i.e., the methylome) in normal and disease tissues,
using bisulfite sequencing or MeDIP methods (Bibikova
and Fan 2010) (Box 1). These approaches have been used
to analyze DNA methylation changes, for example, during
stem cell differentiation into neurons, and comparative
analysis between normal and cancer tissues (Cortese et al.
2011; Hon et al. 2012). Such studies are beginning to shed
light on how DNA methylation is regulated and its role in
cell differentiation and disease. Two methods for the map-
ping of genome-wide 5hmC patterns at single base re-
solution have also been introduced recently (Booth et al.
2012; Yu et al. 2012). These technological breakthroughs
mark a new era for understanding the role of DNA meth-
ylation and demethylation in normal development and
disease.

7.2 Genetic and Environmental Factors
That Induce Epigenetic Changes

It is well established that DNA methylation patterns in the
mammalian genome are highly regulated during develop-
ment. Genetic alterations such as CGG triplet repeat ex-
pansion in the FMR1 gene provide examples of genetic
lesions that can lead to heritable changes in promoter
CGI methylation and transcription repression. Mutations
in genes encoding key epigenetic regulators such as MeCP2
and DNMT3B can also alter the epigenome and gene ex-
pression patterns, which lead to disease. An increasing
number of other key epigenetic enzymes or chromatin-as-
sociated proteins, when mutated in cancer or other diseas-
es, results in dramatic changes to the epigenome (You and
Jones 2012).

How environmental factors may affect DNA methyla-
tion and gene expression is less well understood, although
some recent studies are beginning to shed light on how they
may induce epigenetic changes that can have long-lasting
biological effects. One such example is the observation that
rat maternal behavior produces stable alterations in DNA
methylation in the offspring. Weaver and coworkers have
reported that baby rats receiving different levels ofmaternal
care have differences in DNA methylation in the promoter
region of the glucocorticoid receptor (GR) gene, which are
inversely correlated with GR expression, and these differ-
ences persist into adulthood (Weaver et al. 2004). Other
factors, such as dietary supplements, drugs, and smoking
can also impact the epigenome and lead to physiological or
pathological changes.
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7.3 Modulation of Epigenetic State
and Reprogramming by Tet-Mediated
5mC Oxidation

One of the most exciting advances in the DNAmethylation
field is the demonstration that 5mC can be oxidized by Tet
proteins to generate 5hmC, 5fC/5caC, and then later pro-
cessed by the DNA repair mechanism enzyme TDG (Wu
and Zhang 2011). Although there is clear evidence suggest-
ing global loss of DNAmethylation of the paternal genome
is attributable to Tet-mediated oxidation (Wu and Zhang
2011), whether Tet proteins play a similar role in PGC
reprogramming awaits to be determined (for more discus-
sion, see Surani and Reik 2014). Given the accumulation of
5hmC in certain tissues and cell types, 5hmC has also been
proposed to serve as an epigeneticmark thatmaymediate a
specific function. In this regard, a component of the NuRD
complex has been shown to recognize and bind to 5hmC
(Yildirim et al. 2011). Future studies along this line should
reveal whether 5hmC signals as a new epigenetic mark or
simply as an intermediate for DNA demethylation. Activa-
tion of pluripotency genes, such as Oct4 and Nanog, re-
quires demethylation of their promoters. Thus, it is not
surprising that factors implicated in DNA demethylation
have been reported to facilitate somatic cell reprogramming
(Bhutani et al. 2010). Whether Tet proteins contribute to
Oct4 and Nanog activation during reprogramming should
be determined in the near future.

7.4 Modulation of Reversible Epigenetic States

Most, if not all, epigenetic modifications are reversible,
which makes modulation of epigenetic states a promising
new therapeutic option for cancer and other diseases. A
number of agents that alter patterns of DNA methylation
or inhibit HDACs are in clinical use for the treatment of
cancer (Baylin and Jones 2011). The demethylating agent 5-
azacytidine, for instance, has been approved by the U.S.
Food and Drug Administration for the treatment of mye-
lodysplastic syndrome, a heterogeneous disease character-
ized by morphologic dysplasia of hematopoietic cells in
2004. The clinical use of 5-azacytidine and other nucleoside
analogs, however, is limited by their toxicity, partly because
these compounds are being incorporated into DNA. This
has encouraged the search for agents that can inhibit DNA
methyltransferases directly or target other epigenetic regu-
lators that can modulate DNA methyltransferase activities
or CGI methylation. Because DNA methylation is just one
component of the complex epigenetic regulatory network,
one approach to maximize therapeutic effects and mini-
mize toxicity is combination therapy using DNA methyl-
transferase or HDAC inhibitors in combination with other

anticancer therapeutics (see Jones andBaylin 2014 formore
detail).
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