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In mammals, methylation at symmetric
CpG dinucleotides is necessary for the
heritable silencing and regulation of many
different classes of DNA sequences. These
include highly abundant retrotransposons,
such as the long terminal repeat (LTR)-
based endogenous retroviruses, [e.g.
intercisternal A particles (IAPs)] and non-
LTR based elements [e.g. long interspersed
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Overview of de novo and maintenance DNA methylation
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Key Factors implicated in DNA methylation
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nuclear elements (LINEs)]. Tandem
repetitive sequences, such as
pericentromeric minor and major satellite
sequences, are also densely methylated,
which is necessary for their stabilization
against rearrangements. DNA methylation
is also involved in the regulation of genes
that are subject to parent-of-origin
imprinting and the inactivation of the silent
X chromosome in females. These patterns
of DNA methylation are established in the
germline and are perpetuated with high
fidelity throughout the life of the organism.
In humans, alterations in genomic
methylation patterns are involved in the
etiology of imprinting syndromes such as
Beckwith-Wiedemann, Prader-Willi and
Angelman, and have been implicated in a
number of other human conditions
including cancer (Feinberg and Tycko,
2004), autoimmune disease (Teitell and
Richardson, 2003) and psychiatric
disorders (Jiang et al., 2008). Although the
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These factors are expressed only in
germ cells; their roles in DNA methyl-
ation are shown in the overview above.
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DNA methyltransferases that generate
S-methylcytosine are well characterized
(for a review, see Goll and Bestor, 2005),
the molecular signals responsible for
correct targeting during periods of both
establishment and maintenance of genomic
methylation patterns remain  poorly
defined.  Recent genetic evidence
implicates the involvement of adaptors or
cofactors that are capable of interacting
directly with the methyltransferases
themselves, as well as the involvement of
nucleosomal components, enzymes that
can post-translationally modify histones,
and proteins that are involved in the
biogenesis of small RNAs.

In this article and its accompanying poster,
we summarize the known factors involved
in the establishment and maintenance of
methylation profiles in the mammalian
genome. It is probable that the chromatin
landscape  containing  these  target
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PiRNAs and DNA methylation of interspersed repeats
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the histone variant
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Abbreviations: ATRX, alpha-thalassemia X-linked mental retardation syndrome; CXXC1, CXXC finger protein 1;
DMR, differentially methylated region; DNMT1, DNA (cytosine-5-) methyltransferase 1; DNMT3A, DNA (cytosine-5-)
methyltransferase 3a; DNMT3A2, DNA (cytosine-5-) methyltransferase c, isoform 2; DNMT3B, DNA (cytosine-5-)
methyltransferase 38; DNMTSL, DNA (cytosine-5-) methyltransferase 3-lie; Eed, embryonic ectoderm development;
ERV}7, endogenous retrovirus B7; ES, embryonic stem; H1, histone family H1; H2A.Z, H2A histone family, member Z;
IAP, intercisternal A particle; LINE, long interspersed nuclear element; LSH, lymphoid-specific helicase; Sp1,

specificity protein 1 transcription factor; MacroH2A, histone family, H2A macro; MAEL, maelstrom; MILI, MIWI-iike
(also known as PIWIL2); MIWI2, mouse PIWI 2 (also known as PIWIL4); MLV, murine leukemia virus; MusD, murine
retrotransposon; piRNAS, PIWI (P-element induced wimpy testes)-associated RNAS; SINE, short interspersed nuclear
element; Snrpn, small nuclear ribonucleoprotein polypeptide N; Suvashi, suppressor of variegation 3-9 homolog 1;
Suvash?, suppressor of variegation 3-9 homolog 2; SWR1, SWI2ISNF2-related ATPase complex; TET1, ten-eleven
translocation 1 gene protein; UHRF1, ubiquitin-like with PHD and RING finger domains 1; ZFP57, zinc finger protein 57.
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sequences is dynamic and can be altered by
histone-modifying enzymes and by the
exchange of histone variants. The recently
identified inverse relationship between the
genomic distribution of DNA methylation
and the methylation of both histone H3 at
lysine 4 (H3K4) and presence of the
histone variant H2A.Z suggests an
interaction between DNA methylation and
chromatin  (Meissner et al, 2008;
Zilberman et al., 2008). Transcription is
also known to affect DNA methylation at
both  promoter and  non-promoter
sequences (Han et al., 2001), suggesting
that, outside the repetitive regions of the
genome where most methylation occurs,
local changes in gene activity can impact
the methylation machinery. An RNA
pathway has been discovered that regulates
de novo DNA methylation in mammals
and has parallels to RNA-directed DNA
methylation (RdADM), (Matzke et al.,
2007), which is well documented in plants.
However, it remains unclear how the
mammalian factors that are involved in this
process (such as the Argonaute proteins
MIWI2 and MILI and nuage-associated
Maelstrom protein) mediate their effects.
The large number of factors that have been
shown over the last few years to be
involved in the establishment or
maintenance of genomic methylation
patterns means that a more complete
understanding of the regulation of genomic
methylation patterns might soon be a
reality.

DNA methyltransferases

Over 100 modified nucleosides are found
in nucleic acids (most of them in RNA),
but mammalian DNA contains only
5-methylcytosine (m°C) and a small
amount of  5-hydroxymethylcytosine
(5hmC) in certain cell types, which is
derived from m°C (Kriaucionis and
Heintz, 2009; Tahiliani et al., 2009).
Compared with plant genomes, which
can encode more than ten DNA
methyltransferase genes, mammals have
only three enzymatically active DNA
methyltransferases.

DNMT1

Studies of mice deficient for the enzyme
that would eventually become known as
DNA methyltransferase 1 (DNMTI)
provided insight into the biological
function of DNA methylation (Li et al.,
1992). Disruption of DNMTI1 function
results in embryonic lethality and a
reduction in global DNA methylation

levels to approximately 5% of that found
in wild-type mice (Lei et al., 1996). An
oocyte-specific isoform, DNMTlo, is
required specifically at the eight-cell stage
of embryogenesis to maintain methylation
patterns at imprinted loci (Howell et al.,
2001). DNMTI! has been shown to be
active on hemimethylated DNA, which
presumably assists the maintenance and
methylation activity of DNMT1 (Yoder
et al,, 1997). However, this preference
for hemimethylated DNA alone cannot
account for how DNMTI is correctly
targeted. An N-terminal replication-focus-
targeting domain is necessary for
coordinating DNA  methylation and
replication (Leonhardt et al., 1992), and
this domain has recently been shown to be
necessary for the recruitment of DNMT]1
to hemimethylated DNA through its
interaction with UHRF1 (see below)
(Bostick et al., 2007) (reviewed by Ooi and
Bestor, 2008).

The DNMT3 family

Screening of expressed-sequence tag (EST)
libraries for the characteristic
methyltransferase domain sequence motifs
led to the identification of the enzymes
DNMT3A and DNMT3B (Okano et al.,
1998), and subsequent gene disruption
studies showed that both of these enzymes
are required for de novo methylation. De
novo methylation is mediated by a germ-
cell-specific  isoform  of  DNMT3,
DNMT3A2 (Okano et al., 1999; Okano
et al., 1998; Kaneda et al., 2004; Kato et al.,
2007). Mutation of the Dnmt3B gene
specifically affects methylation at minor
satellite repeats (Xu et al., 1999), and this is
responsible for the rare human disorder
immunodeficiency, centromere instability
and facial anomalies (ICF) syndrome.
Genetic data obtained using embryonic stem
(ES) cells also revealed a role for both
DNMT3A and DNMT3B in maintenance
methylation (Chen et al., 2003). Together,
DNMTI1 and DNMT3-family proteins are
responsible for establishing and maintaining
global patterns of DNA methylation.

TET1

Recent studies have confirmed the
existence of ShmC within mammalian
genomes (Kriaucionis and Heintz, 2009),
the levels of which are regulated by the
protein ten-eleven translocation 1 (TET1),
a methylcytosine dioxygenase (Tahiliani
etal., 2009). TET1 catalyzes 2-oxoglutarate
(20G)- and Fe (IT)-dependent conversion
of m’C to ShmC. The extent and

compartments of m>C that undergo
conversion to ShmC remain unknown but,
based on its capacity to catalyze this
reaction, TET1 could contribute to patterns
of DNA methylation.

DNA methyltransferase adaptors
and cofactors

Whereas DNA methylation in prokaryotes
is a function of the innate sequence
specificity of the DNA methyltransferases
found in these organisms, mammalian
DNA methyltransferases have little or no
innate sequence specificity beyond the
CpG dinucleotide.  Rather, specific
genomic methylation patterns in mammals
are the result of interaction of DNMTs with
diverse regulatory factors.

DNMT3L

Sequence similarity to both DNMT3A and
DNMT3B led to the identification
of DNMT3L (Aapola et al., 2000), which
plays a crucial, sexually dimorphic role in
establishing DNA methylation in the
germline. In females, DNMT3L is
necessary for the establishment of
methylation  imprints at  maternally
imprinted loci in growing oocytes
(Bourc’his et al., 2001). In males, DNMT3L
functions  mainly in  establishing
methylation at retrotransposons in non-
dividing prospermatogonia (Bourc’his and
Bestor, 2004). DNMT3L lacks active
methyltransferase activity, and functions
instead as a regulator of both DNMT3A and
DNMT3B (Suetake et al., 2004; Suetake et
al., 2006; Kareta et al., 2006). The finding
that DNMT3L associates in a complex with
both DNMT3A and DNMT3B, and is
capable of interacting with the N-terminal
tail of histone H3 when it is not modified by
methylation at lysine 4 (Ooi et al., 2007),
indicates that DNMT3L directs de novo
methylation to nucleosomal DNA that is
unmethylated at H3K4.

UHRF1

Ubiquitin-like, containing PHD and RING
finger domains 1 (UHRF1; also known as
NP95) is the mammalian homolog of
variant in methylation 1 (VIM1), a protein
that was identified in a genetic screen for
DNA methylation defects in the flowering
plant Arabidopsis (Woo et al., 2007). Mice
that are null for UHRF1 phenocopy those
that are DNMT1 deficient (Bostick et al.,
2007; Sharif et al., 2007). Further studies
showed that UHRF1 interacts with
hemimethylated DNA through a SET- and
RING-associated (SRA) domain and that



[
O
c
Q2
&}
w
©
@)
e
o
©
c
S
S
o
=

Journal of Cell Science 122 (16)

2789

UHREFT1 is necessary to target DNMT1 to
hemimethylated DNA (Arita et al., 2008;
Avvakumov et al., 2008; Hashimoto et al.,
2008). UHRF1 greatly increases the
preference of DNMT1 for hemimethylated
DNA and reconciles the faithful
transmission of genomic methylation
patterns with a small (5- to 30-fold)
inherent preference of DNMTI for
hemimethylated DNA.

Nucleosome- or chromatin-related
factors

Histones are subject to numerous post-
translational modifications that can
modulate gene activity. Although these are
usually referred to as epigenetic
modifications, there is no compelling
evidence that histone modifications are
subject to mitotic inheritance. By contrast,
genomic methylation patterns are faithfully
inherited. Intersections between DNA
methylation and histone modifications
have recently been uncovered. In the
sections below, we describe some of the
nucleosome- and chromosome-related
factors that have been shown to have a role
in DNA methylation.

Suv39h1 and Suv39h2

ES cells that are deficient for both of the
histone H3 lysine 9 methyltransferases,
suppressor of variegation 3-9 homologs 1
and 2 (Suv3%9hl and Suv39h2), display
slight demethylation of mouse major
satellite tandem repeat sequences (Lehnertz
et al., 2003), suggesting that these enzymes
or the histone H3K9 methylation mark
have a role in the maintenance of DNA
methylation in one class of satellite DNA.

Eed

There is a report of biallelic expression and
distinct changes in the DNA methylation
profiles of the Cdknlc, Ascl2, Grb10 and
Meg3 paternally imprinted genes in mouse
embryos that are deficient for the polycomb
repressive complex 2 (PRC2) member,
embryonic ectoderm development (Eed)
(Mager et al., 2003). Components of the
PRC2 complex mediate methylation at
lysine 27 of histone H3. It is unclear
whether the DNA methylation defects are in
the maintenance or establishment of
paternal imprints.

MacroH2A

MacroH2A is a variant of histone H2A and
is defined by the presence of a C-terminal
macro domain (Bernstein and Hake, 2006).
It is enriched on the inactive X

chromosome. There are two macroH2A
genes in the mammalian genome, and mice
deficient for the more abundant form,
MacroH2A1, are viable, fertile and
have normal X chromosome inactivation
(Changolkar et al., 2007). However,
analysis of liver DNA from mutant animals
revealed a slight demethylation and
reactivation of an LTR retrotransposon
(Changolkar et al., 2008).

Histone H1

The linker histone HI is involved in
chromatin structure and organization, and
the study of its biological function in
mammals has been a challenge due the
presence of at least eight genes encoding H1
subtypes. Hlc, Hl1d and Hle triple-deficient
ES cells display hypomethylation within the
imprinting control regions (ICRs) of at least
two paternally methylated imprinted loci
(H19-Igf2 and Gt/2-DIkI) (Fan et al.,
2005b). The mutant cells also show altered
nucleosome repeat length.

H2A.Z

The histone H2A variant H2A.Z plays a key
role in chromatin function and has an
essential  role  during  mammalian
development, although its mechanisms of
action are unknown. Recent work in plants
has shown that DNA methylation and
H2A.Z are mutually exclusive chromatin
marks (Zilberman et al., 2008). Mutation
of the plant maintenance CpG
methyltransferase MET1 (a DNMTI
homolog) results in gains and losses of
DNA methylation and reciprocal changes in
H2A.Z localization. Mutation of SWRI,
which encodes an ATPase that deposits
H2A.Z into nucleosomes, results in mild
hypermethylation of the genome. It is not
yet known whether H2A.Z is involved in
DNA methylation in mammals but, given
the strong similarity of the methylation
machinery in plants and mammals, DNA
methylation in mammals is probably
affected by the loss of H2A.Z.

PIWI-related factors

Small RNAs have been known to be
involved in de novo DNA methylation in
plants for many years (Wassenegger et al.,
1994) but only recently has RNA-directed
DNA methylation been observed in
mammals, in which it appears to be
restricted to male germ cells.

MILI and MIWI2
Members of the P-element induced wimpy
testes (PIWI) class of the highly conserved

Argonaute protein family are involved in
the repression of retrotransposons and are
necessary for gametogenesis in mammals
(Aravin and Bourc’his, 2008). Mutations
in either MILI (also known as PIWIL2) or
MIWI2 (also known as PIWIL4) result in
a failure to establish methylation at LINE1
and IAP retrotransposons during male
gametogenesis (Aravin et al., 2007;
Carmell et al., 2007; Kuramochi-
Miyagawa et al., 2008). MILI and MIWI2
are necessary for the biogenesis of a
special class of small RNAs known as
PIWI-interacting RNAs (piRNAs) and are
involved in cyclical binding to, and
amplification of, sense and anti-sense
species corresponding to retrotransposons.
Genetic data suggest that this pathway
functions upstream of the
methyltransferase  machinery  (Aravin
et al., 2008). The exact mechanism by
which MILI and MIWI2 trigger de novo
methylation is unclear, but is likely to
involve demethylation of H3K4, which
would attract the DNMT3L-DNMT3A2-
DNMT3B complex.

Other factors involved in DNA
methylation

Loss-of-function genetic analyses have
identified other factors that are required for
the establishment or maintenance of
genomic methylation patterns.

ATRX

The human disorder alpha-thalassemia
X-linked mental retardation (ATRX)
syndrome is characterized by severe
mental retardation, facial dysmorphia,
urogenital abnormalities and
a-thalassaemia. Mutations in patients have
been mapped to the ATRX gene, which
encodes a switch/sucrose non-fermentable
(SWI/SNF)  nucleosome  remodelling
protein. The DNA of cultured cells from
ATRX patients shows hypomethylation of
rDNA and the Y chromosome satellite
DYZ2 repeat sequences (Gibbons et al.,
2000). The observed methylation defects
could reflect a role of ATRX protein in
either de novo or maintenance methylation.

LSH

The SNF2/helicase family member
lymphoid-specific  helicase (LSH) is
necessary for some de novo DNA
methylation (Zhu et al., 2006). Loss of this
factor leads to demethylation at repeat
regions where most DNA methylation
occurs, and at some gene promoters
(Dennis et al., 2001). In the absence of
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LSH, imprinting is mostly intact, except
that the paternal imprint at the Cdknlc
gene is lost (Fan et al, 2005a).
Biochemical studies confirmed an indirect
interaction between LSH and the
DNMT3A and DNMT3B isoforms; in
addition, there is also evidence of a role for
LSH, DNMT3A and DNMT3B in the
maintenance of DNA  methylation,
specifically in ES cells (Zhu et al., 20006).

ZFP57

Zinc finger protein 57 (ZFP57) is required
for the post-fertilization maintenance of
DNA methylation at a subset of imprinted
loci within multiple imprinted domains (Li
et al, 2008). Imprints cannot be
maintained in embryos lacking both
maternal and zygotic ZFP57, whereas
maternal stores of ZFP57 in ZFP57-null
oocytes are sufficient to maintain some
methylation imprints. Additionally, ZFP57
is required for the establishment of
maternal imprints at the Snrpn locus in the
oocyte, although the maternal imprint can
be rescued post-fertilization in about half
of the heterozygous mice from a ZFP57-
null mother. Defects in ZFP57 are
reportedly involved in human transient
neonatal diabetes, with mosaic
hypomethylation at imprinted loci
(Mackay et al., 2008).

CXXCA1

CXXC1 (also known as CXXC finger
protein 1, CFP1) was identified as a protein
that specifically binds to unmethylated
CpGs (Voo et al., 2000). Disruption of the
Cxxcl gene results in embryonic lethality
(Carlone and Skalnik, 2001), although null
embryos derived from Cxxcl-deficient
mouse ES cells were found to be
demethylated at minor satellite DNA, TAP
elements and imprinted loci (Carlone et al.,
2005). It is unknown how CXXC1 impacts
DNA methylation, although Cxxcl-
deficient cells have been reported to
express lower levels of DNMTI1. Hence,
the demethylation in Cxxc/-deficient cells
could partly be accounted for by reduced
stability of DNMT1 protein (Carlone et al.,
2005). CXXC1 is a component of the
mammalian SETD1A (Lee and Skalnik,
2005) and SETDIB (Lee et al., 2007)
histone H3K4 methyltransferase
complexes.

Maelstrom

Maelstrom is a homolog of a gene
originally identified in Drosophila that is
necessary for the repression of transposons

and for gametogenesis in females
(Klattenhoff and Theurkauf, 2008). In male
mice, Maelstrom is a component of nuage,
a germ-cell-specific perinuclear structure
that might be involved in transposon
repression, among other functions.
Maelstom deficiency results in defective
spermatogenesis, which is associated with
de-repression and demethylation of LINE1
elements in spermatocytes. (Soper et al.,
2008). Both the molecular mechanism of
Maelstrom function and how nuage
specifically regulates the maintenance of
DNA methylation remain unknown.

Conclusions

The rate of discovery of the factors
required for the establishment and
maintenance of genomic methylation
patterns is accelerating rapidly, but the
nature of the actual cues that trigger de
novo methylation remain elusive. The
recent discovery of a role for histone H3K4
methylation and small RNAs in
retrotransposon methylation is of great
importance, and we can anticipate a
resolution of the long-standing question as
to the nature of the mechanisms that
control de novo methylation.

We thank Mathieu Boulard and John
Edwards for comments on the manuscript.
Supported by grants from the NIH (to
TH.B.) and a DOD BCRP predoctoral
fellowship (to A.H.O.). Deposited in PMC
for release after 12 months.
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