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Fundamental to genomic imprinting in mammals is the acquisition of epige-

netic marks that differ in male and female gametes at ‘imprinting control

regions’ (ICRs). These marks mediate the allelic expression of imprinted

genes in the offspring. Much has been learnt about the nature of imprint

marks, the times during gametogenesis at which they are laid down and

some of the factors responsible especially for DNA methylation. Recent

work has revealed that transcription and histone modifications are critically

involved in DNA methylation acquisition, and these findings allow us to

propose rational models for methylation establishment. A completely

novel perspective on gametic DNA methylation has emerged from epige-

nomic profiling. Far more differentially methylated loci have been

identified in gametes than known imprinted genes, which leads us to

revise the notion that methylation of ICRs is a specifically targeted process.

Instead, it seems to obey default processes in germ cells, giving rise to dis-

tinct patterns of DNA methylation in sperm and oocytes. This new

insight, together with the identification of proteins that preserve DNA

methylation after fertilization, emphasizes the key role played by mechan-

isms that selectively retain differential methylation at imprinted loci

during early development. Addressing these mechanisms will be essential

to understanding the specificity and evolution of genomic imprinting.

1. Introduction
It is customary to expect that genes from both parents contribute equally to

embryo development. This expectation is contravened by genomic imprinting,

an epigenetic mechanism in mammals in which a subset of genes exhibits differ-

ential activity of the maternal and paternal allele [1]. The non-equivalence of the

parental genomes in mice was demonstrated nearly 30 years ago, with the finding

that embryos constructed to contain only maternal or paternal diploid genome

complements failed to develop to term [2,3]. Separate experiments in which trans-

locations were used to generate mice with uniparental inheritance of specific

chromosomes (or chromosome segments) identified regions for which biparental

inheritance is essential for normal development and viability [4]. Then, over 20

years ago, the first imprinted genes were discovered and molecular evidence

was provided that one allele was transcriptionally silenced strictly according to

parental origin [5–7]. During the ensuing years, a variety of dedicated screens

and chance discoveries identified more than 100 genes with imprinted, mono-

allelic expression in the mouse and human, and in several other placental

mammals [8,9]. The advent of high through-put genome-wide profiling

techniques is likely to lead to a definitive list of imprinted genes in the future.

Many imprinted genes have been shown to play important roles in develop-

ment and growth; others have phenotypic effects only after birth, particularly in

relation to behaviour [10–13]. The majority of imprinted genes are arranged

in chromosomal clusters, which are similarly organized in mice and
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Figure 1. Establishment and post-fertilization maintenance of imprinted DNA
methylation. In the schematic presentation, the maternal and the paternal
genomes are coloured red and blue, respectively. Triangles represent CpG
islands, or CpG-rich sequences: black filling indicates DNA methylation, open
triangles indicate absence of methylation. More than a thousand CpG islands
become de novo methylated during oogenesis. Conversely, several hundred
CpG-rich sequences acquire methylation during spermatogenesis, mostly at
intergenic positions. Following fertilization and during early embryonic
development, only at a few per cent of these sequence elements is the
maternally or paternally derived DNA methylation selectively maintained.
Although still poorly understood, it is through early embryonic maintenance
mechanisms that the specificity of these germline differentially methylated
regions (gDMRs) comes about. The gDMRs that are maintained during
development correspond to ‘imprinting control regions’ (ICRs) of known or
yet-to-be discovered imprinted domains.
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humans [14]. DNA methylation is essential in the process of

genomic imprinting. Each of the 16 known imprinted gene

clusters is thought to be controlled by an ‘imprinting control

region’ (ICR), an essential regulatory sequence that is marked

by DNA methylation on one of the two parental alleles [15].

Depending on the ICR, this DNA methylation imprint is

acquired during oogenesis or during spermatogenesis.

Because the allelic methylation has its origin in the germline,

these differentially methylated regions (DMRs) are often

referred to as germline DMRs (gDMRs; we shall use this

more general term throughout in preference to ‘ICR’, which

is reserved for elements that have been demonstrated

functionally to control imprinting). To understand genomic

imprinting, it is essential to explore the mechanisms involved

in the gametic establishment and post-fertilization mainten-

ance of methylation at gDMRs. When these processes are

perturbed during development, or perhaps as a consequence

of assisted reproduction technologies, this can give rise to

complex diseases in humans [16].

Soon after the discovery of the first imprinted genes, epi-

genetic differences between their parental alleles began to be

identified. A region in the imprinted Igf2r gene was described

(an intronic CpG island) at which there was a difference in

DNA methylation in the sperm and oocyte, and at which

methylation remained specifically on the maternally derived

allele throughout development [17]. This was the first

description of a gDMR. It was subsequently shown that

this element controls mono-allelic expression and DNA

methylation of the Igf2r promoter, and imprinted expression

of additional genes in cis, through the action of an imprinted,

non-coding transcript [18]. This, and similar findings, gave

rise to the concept that imprinting was controlled through

the establishment of germline DNA methylation marks in

one or the other germline (figure 1). Germline DMRs have

since been identified and characterized in most imprinted

gene clusters and isolated imprinted genes [19], and all func-

tionally defined ICRs have this property [15]. The essential

role of DNA methylation in ensuring mono-allelic expression

emerged also from knock-out studies on the maintenance

DNA methyltransferase DNMT1 [20]. Later, it was shown

that the DNA methyltransferase-like protein DNMT3L was

required, particularly for establishment of methylation at

gDMRs in mouse oocytes [21], and DNMT3A was demon-

strated to be the active enzyme responsible [22,23]. With

the identification of discrete imprinting elements and factors

involved in gametic methylation, much effort was expended

on determining the sequence properties of gDMRs and

searching for specific sequence motifs that would be respon-

sible for their methylation. Although attributes such as

tandem repeats were implicated [24], and some evidence

for ‘imprinting signals’ was provided by transgenic exper-

iments [25,26], the existence of discrete sequence elements

for the specification of gDMR methylation remains in doubt

[19]. This may explain the rather limited success of purely

sequence-based predictions of imprinted genes [27,28].

Nevertheless, considerable progress has been made over the

past few years in our understanding of gDMRs and the factors

involved in their differential DNA methylation. This includes

the discovery of interactions between chromatin status—post--

translational modifications of histones—and the de novo

methylation machinery [29]. Furthermore, recent research links

the acquisition of DNA methylation imprints at gDMRs to tran-

scriptional events [30,31] and, at one gDMR, to small RNAs [32].
Major advances have come from mouse and human genetics in

identifying critical cis-acting sequences and trans-acting factors.

Although explanations for the mechanisms involved are still

incomplete, we may be near a unifying explanation for methyl-

ation establishment at gDMRs in female germ cells. In male

germ cells, in which fewer gDMRs become methylated, there is

less evidence so far of a common mechanism. Our ability to

obtain genome-wide methylation profiles from gametes is shed-

ding new light on the nature of the gametes’ methylome, the

extent to which there is specific targeting of methylation to

gDMRs and the key role played by maintenance factors in select-

ing imprinted sequences from the larger set of germline-acquired

methylation differences (figure 1).

Here, we consider recent discoveries that mechanistically

link transcriptional events and chromatin modifications to the

establishment of DNA methylation in female and male germ

cells. Our review also discusses the recent discovery that germ-

line establishment of DNA methylation occurs at many more

regions than the limited number of gDMRs at imprinted loci

[33–35]. This provides a novel framework in which to address

the specificity of genomic imprinting, which seems to be deter-

mined by maintenance processes acting after fertilization,

during the early stages of development.
2. Acquisition of maternal and paternal DNA
methylation marks

Gametes originate from germ-cell precursors that are speci-

fied in the epiblast of the early post-implantation embryo
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prior to sex determination. Male and female gametogenesis

follow very different paths, however, culminating in the pro-

duction of highly differentiated gametes with distinct

epigenomes (not least because there is a wholesale replace-

ment of histones by protamines in mature sperm [36]).

Indeed, recent genome-wide profiling studies in the mouse

have revealed substantially different patterns of DNA

methylation in sperm and oocytes [33–35]. These global

differences are an important backdrop against which to con-

sider the establishment of DNA methylation at imprinted

gDMRs. It has been considered that most of the DNA methyl-

ation imprints are acquired in the female germline [1,37]. Of

the gDMRs so far described in imprinted domains, 16 acquire

methylation in oocytes (maternal gDMRs) and only three

during spermatogenesis (paternal gDMRs) [19,38,39].

From their specification as a small founder population in

the epiblast (embryonic day e7.25 in the mouse), primordial

germ cells (PGCs) proliferate and migrate to the genital

ridge, the precursor of the gonads. Shortly after their arrival

(by e11.5), they undergo extensive DNA demethylation.

The extent of this demethylation has been demonstrated

recently by shotgun bisulphite sequencing (BS-Seq) and

MeDIP-array analysis [40,41]. The exact mechanism of

demethylation is still open to question, but does not concern

us here. Its consequence is that at the onset of gametogenesis,

the germ-cell genome is highly demethylated, aside from

specific interspersed repeats, such as retrotransposons of

the intracisternal-A particle class [40,41]. This includes full

erasure of pre-existing parental-allele-specific methylation at

DMRs [42,43].

In female embryos, germ cells enter the first stages

of meiosis from e13.5 and then arrest in diplotene of

prophase I. These primary oocytes remain quiescent until

after birth. Soon after birth, they become incorporated into

primordial follicles, and with follicle activation, oocytes

enter a growth phase, such that over a two- to three-week

period, their size increases from approximately 10 to greater

than 70 mm, to become fully grown, germinal vesicle stage

oocytes. It is during this period, initiating around the tran-

sition from the activated (primary) follicle to secondary

(early anthral) follicle stage, that methylation at gDMRs is

established [44,45]. Further hormonal stimulation after pub-

erty results in resumption of meiosis I, germinal vesicle

breakdown and ovulation. Methylation acquisition appears

to be a progressive process that is dependent on oocyte size

[45]. In addition, the onset and kinetics of methylation acqui-

sition differ between gDMRs, such that different domains

acquire imprinting competence at different rates during

oocyte growth [45,46]. It is important to note, therefore,

that gDMR methylation (and likely most CpG island, gene

body and interspersed repeat methylation) occurs in

non-dividing cells. This makes the oocyte a particularly inter-

esting system in which to study mechanisms of de novo

methylation, because there is no competing demethylation

or the modification of methylation patterns by maintenance

processes in these cells. The latter might account for

why there is a particularly high incidence of non-CpG

methylation in oocytes [19,34], because non-CpG methylation

would be purged through the process of DNA replication

(the maintenance methyltransferase DNMT1 restores only

the ‘symmetrical’ DNA methylation at CpG dinucleotides fol-

lowing replication). Also, methylation is established late in

gamete production, minimizing the possibility of acquiring
mutations that could arise because of the susceptibility of

5-methylcytosine (5mC) to deamination.

The timing and cell biology of de novo methylation in

male germ cells is different in several respects [47]. Methyl-

ation of gDMRs initiates in prospermatogonia (also known

as gonocytes), which are arrested in mitotic G1, and occurs

prior to the onset of meiosis. It commences in the foetal

testis, and is largely complete around birth [31,48]. Between

the onset of de novo methylation and the production of

mature sperm, there are multiple rounds of cell division,

such that initially determined methylation patterns may be

modified through maintenance, and there is greater opportu-

nity for methylation errors to accumulate or mutations to

arise through deamination. Whether there are additional

periods of DNA methylation (i.e. further acquisition of

methylation at gDMRs or de novo methylation of additional

sequences) is not known, largely because of the limited pro-

filing that has been done at intervening stages and because

mutations of Dnmt3a, Dnmt3b or Dnmt3L cause severe

meiotic defects during spermatogenesis [49,50].

Perhaps as a reflection of the different cell biology of

DNA methylation in female and male germ cells, the proper-

ties of maternal and paternal gDMRs differ [19,38,47].

Maternal gDMRs have a sequence composition that equates

to that of CpG islands; they are also associated with transcrip-

tion start sites (of coding transcripts or non-coding RNAs).

Even so, they are relatively unusual for CpG islands in that

they are predominantly intragenic in location ([30] and see

below). Many maternal gDMRs contain tandemly reiterated

sequences [51]. Although such features were proposed to

have a role in targeting de novo methylation [24], there is

no compelling evidence from functional studies that this

is the case [52]. Structural studies have revealed that

DNMT3A and its co-activator DNMT3L form a tetrameric

complex, which has given rise to the proposition that DNA

sequences with a regular spacing of CpGs (8–10 bp apart)

would be preferred targets dictated by the steric constraints

of the two catalytic sites in the complex [53]. Although

an 8–10 bp periodicity of CpG was found preferentially

in maternal gDMRs compared with a control set of CpG

islands in one study [53], this has been disputed as a general,

discriminating property of gDMRs [19,33]. Furthermore,

maternal gDMRs can be very extensive CG-rich domains,

with tandem repeat features occupying only a small pro-

portion, in which all CpGs irrespective of their spacing

become methylated [19]. In contrast to maternal gDMRs,

the three characterized paternal gDMRs (the H19 DMD,

Dlk1-Gtl2 IG-DMR and Rasgrf1 DMR) are all intergenic

CG-rich elements.

It has generally been assumed that the establishment of

imprinted gDMRs occurs through specific targeting of

methylation to these sequences. However, systematic analysis

of gDMR methylation and recent genome-wide methylation

profiling in male and female gametes call into question this

long-held assumption and offer a novel perspective. First,

maternal gDMR methylation in oocytes might better be

regarded as a default process, such that the protection from

methylation of these elements in spermatogenesis may be

the ‘active’ part of the mechanism. This is because maternal

gDMRs are methylated in oocytes contiguously with the

methylation of flanking, intragenic sequences, whereas in

sperm they appear as unmethylated islands similar to most

CpG islands generally (figure 2) [19,34,54]. Second,
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Figure 2. Gene-body methylation in oocytes revealed by whole genome bisulphite sequencing. The panel at the top represents the consensus annotation of transcripts
at the imprinted Gnas locus. The locations of CpG islands are shown as open boxes, above the CpG density plot. Below, the methylation level determined from whole-
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the CpG island (CGI) at the canonical Gnas promoter are unmethylated in all samples. Note that gDMR methylation in oocytes is contiguous with the high level of gene
body methylation; the whole domain is within a transcription unit in oocytes determined by activity of the Nesp55 promoter (boxed in the upper panel). All DNA
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the domain in the Dnmt3L2/ 2 oocyte track. Reproduced, with very minor additional annotation, from Kobayashi et al. [34].
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genome-wide profiling has revealed that many more CpG

islands are fully methylated in oocytes and sperm than the

known gDMRs [33–35]. However, most of these CpG islands

lose much of their gamete-derived methylation during pre-

implantation development [33–35,55]. Therefore, the methyl-

ated status of imprinted gDMRs might be better viewed as

the combination of general methylation processes in oocytes

or sperm, with a specific selection for maintenance of methyl-

ation in the embryo, especially during the genome-wide

demethylation of the maternal and paternal genomes that

occurs in pre-implantation embryos (figure 1). This mainten-

ance might indeed have a sequence-based component, for

example, through methylation-dependent, sequence-specific

binding of factors such as ZFP57 that protect against

demethylation [56–58].
3. Chromatin organization at the time of
imprint acquisition

There has been considerable interest in whether specific

histone modifications could prevent, or facilitate, de novo

DNA methylation. This could be one of the features contri-

buting to the specificity of gDMR establishment in male

versus female germ cells. In vitro evidence indicates that

methylation at lysine-4 of histone H3 (H3K4) could interfere

with the establishment of cytosine methylation. Specifically,
lysine-4 methylation blocks association of DNMT3L with

the N-terminal part of histone H3, and would thus prevent

DNMT3A–DNMT3L complexes from accessing DNA [29].

Association of DNMT3A itself with core histone H3 is

also attenuated by lysine-4 methylation [59]. In embryonic

stem (ES) and other embryonic cell types, chromatin at

most CpG islands is enriched in H3K4 di- and trimethylation

[60–62]. This chromatin configuration correlates with promo-

ter activity and could prevent acquisition of aberrant DNA

methylation. Recent studies indicate that similar mechanisms

could be acting at gDMRs in germ cells in the germline

where they are protected against the acquisition of DNA

methylation [31,63].

All maternal gDMRs are CpG islands that comprise pro-

moters and are fully protected against acquisition of DNA

methylation in male germ cells. For several maternal

gDMRs, it has been shown that they have biallelic enrichment

of H3K4 trimethylation and promoter activity in male foetal

germ cells at the time of imprint establishment [31]. This

local enrichment of H3 lysine-4 methylation persists to post-

natal stages of spermatogenesis, at least at some maternal

gDMRs, possibly providing continuous protection against

acquisition of DNA methylation [64]. In spermatozoa, about

1 per cent and 10 per cent of the genome remains associated

with histones in mice and humans, respectively [65,66].

Imprinted loci are among the exceptional regions of the

genome that retain nucleosomal organization in mature
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sperm. Although further research is required, this finding

raises the intriguing possibility that maternal gDMRs could

still be marked by H3K4 methylation in spermatozoa.

Whether such a chromatin state is maintained after fertiliza-

tion and helps prevent de novo DNA methylation in the

early embryo remains to be explored.

H3K4 methylation status does have an important role in

specifying DNA methylation in female germ cells. The

H3K4-specific demethylase KDM1B (also known as AOF1

and LSD2) is expressed highly in growing oocytes, during

the time frame that DNA methylation is acquired. Its abla-

tion by gene targeting induces a global accumulation of

H3K4me2/3 in oocytes and prevents imprint acquisition at

several maternal gDMRs. Although normal DNA methyl-

ation establishment did occur at others [63], whether there

was persistence of H3K4 methylation at these gDMRs in

Kdm1b-deficient oocytes remains to be shown. Nevertheless,

this important study strongly suggests that H3K4 methyl-

ation needs to be removed, at least at a subset of maternal

gDMRs, before DNA methylation can be acquired in grow-

ing oocytes. In agreement with this hypothesis, chromatin

immunoprecipitation (ChIP) studies on normal oocytes

midway through the growth phase show that there is relative

depletion of H3K4me3 at CpG islands destined for DNA

methylation [33].

Conversely, other histone modifications could promote

the acquisition of DNA methylation at gDMRs in germ

cells. In Neurospora crassa [67], H3 lysine-9 trimethylation

(H3K9me3) guides de novo DNA methylation, but there is

no evidence yet that it does the same in mammals. While in

somatic cells, the DNA-methylated alleles of gDMRs are con-

sistently enriched in H3K9me3, in male germ cells, this

repressive mark is absent at paternal gDMRs at the time of

imprint acquisition [31,64]. The same was found for another

repressive histone mark, H4 lysine-20 trimethylation

(H3K20me3) [31,64]. These repressive histone modifications

do therefore not signal DNA methylation acquisition in male

germ cells, at least not at gDMRs. Symmetrical dimethyl-

ation on arginine-3 of histone H4 (H4R3me2s) has been

reported to facilitate de novo DNA methylation by

DNMT3A at the globin genes in erythroid cell progenitors

[68]. It is not known whether H4R3me2s contributes to acqui-

sition of DNA methylation in germ cells as well. ChIP studies

on male foetal germ cells showed high levels of this modifi-

cation at all gDMRs analysed as well as at non-imprinted

gene loci [31,69]. Although H2A/H4R3me2s could promote

DNMT3A recruitment in male germ cells [69], its presence

on both maternal and paternal gDMRs indicates that it does

not provide the signal to discriminate which gDMRs should

become methylated [31]. Perhaps the most promising histone

modification to serve as a permissive mark for DNA methyl-

ation is trimethylation of lysine-36 of H3 (H3K36), and this is

discussed further below.

Besides the involvement of H3K4me3 described earlier,

the link in vivo between chromatin configuration and de

novo DNA methylation remains to be fully explored. This

is not helped by our lack of knowledge of the histone modi-

fication profiles of germ-cell genomes at the onset of de novo

methylation, but the technical challenges in undertaking

genome-wide ChIP in small populations of germ cells are

considerable. Future studies that target genes encoding his-

tone modifying factors in mice will likely provide

important new evidence, unless deficiencies of these factors
severely impair germ-cell development prior to the methyl-

ation phase. It seems unlikely, however, that imprint

acquisition is governed solely by histone modifications: con-

ceptually, there must be an earlier event that dictates where

the relevant histone modifications are laid down. In somatic

cells, the well-studied histone modifications have broad dis-

tribution patterns and are not confined to specific loci.

Whether, at the time of DNA acquisition, the same holds

true in germ cells remains to be seen. A broad occurrence

in germ cells of facilitating histone marks could, however,

explain why there are so many methylation differences

between male and female germ cells, many more than

gDMRs at the known imprinted loci [33,34]. Although his-

tone modifications undoubtedly contribute to the process,

DNA methylation acquisition is likely provided by

locus-specific signals in addition to, or which instruct,

chromatin organization.
4. The role of transcription in imprint acquisition
Given the inadequacy of sequence-based models of gDMR

methylation, especially for maternal gDMRs, the possibility

that transcription is an additional requirement in specifying

sites of methylation has been advanced. Several lines of evi-

dence support a possible involvement of transcription, at

least at maternal gDMRs. First, as mentioned earlier, most

maternal gDMRs can be considered to be CpG islands that

are located within genes. An intragenic location for some

gDMRs might not be obvious from canonical gene structures.

However, many of the associated genes are found to be tran-

scribed from alternative, upstream transcription start sites in

growing oocytes, placing the gDMRs within active transcrip-

tion units at the time of DNA methylation establishment [30].

This property has now been shown to extend to a high pro-

portion of CpG islands that become methylated in oocytes

[33]. It is also worth noting that intragenic CpG islands are

frequently methylated in somatic cells [70,71], suggesting

that gDMR methylation in oocytes obeys general principles

of gene body methylation. A further piece of evidence is pro-

vided by imprinted retrogenes. This class of imprinted gene

has arisen from retrotransposed genes that have integrated

within transcription units and acquired CG-rich gDMRs,

often causing isoform-specific imprinted expression of the

gene into which they have inserted [28]. The human retino-

blastoma locus, RB1, contains an intronic CpG island that

provides an alternative first exon to the gene. This CpG

island has maternal-allele-specific DNA methylation and

arose following retrotransposition from a locus on chromo-

some 9. Retrotransposition events from the same locus into

intergenic locations on another chromosome have not

resulted in generation of new DMRs [72]. Third, microdele-

tions in cis but distinct from gDMRs in two imprinted gene

syndromes provide evidence that sequence elements in

addition to the gDMRs are essential for methylation. In

Angelman syndrome, a large number of such microdeletions

have now been catalogued, resulting in the delineation of an

essential element positioned 30 kb upstream of the SNRPN
DMR that controls imprinting of the Angelman/Prader-

Willi syndrome domain in 15q11-13 [73]. Although the mol-

ecular function of this genetically defined element has

remained obscure until recently, multiple, alternative promo-

ters for SNRPN upstream of this element had been described
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Figure 3. The role of transcription in promoting methylation of gDMRs in the
Gnas locus. Schematic of the mouse Gnas locus. (a) The alternative
transcription start sites, associated with the promoters for Nesp55, Gnasxl,
exon 1A and Gnas, are indicated by the arrows; on the antisense strand, the
promoter for the non-coding antisense transcript Nespas is indicated. Below
the line, the DMRs and the CpG island at the Gnas promoter are indicated as
boxes, with methylation on the maternal (Mat) or paternal (Pat) alleles
shown by the filled boxes. (b) In growing oocytes, prior to or during de novo
methylation, the DMR-associated promoters at Nespas, Gnasxl and 1A are not
expressed, while the Gnas promoter is. In addition, the Nesp promoter is
expressed, placing the Nespas/Gnasxl and 1A DMRs and Gnas promoter CpG
island within an active transcription unit. Repression of the Nespas, Gnasxl
and 1A promoters may be necessary for de novo methylation, whereas
activity of the Gnas promoter may protect it from methylation. (c) Deletion of
the Nesp55 promoter region or insertion of a transcription termination
cassette downstream of the Nesp55 exon to ablate transcription through the
DMRs results in failure to establish DNA methylation at the DMRs in oocytes
[30,78,79]. Not drawn to scale: the distance between the Nespas and Gnas
promoters is approximately 45 kb.
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including, in the case of the mouse locus, a promoter active in

oocytes [74,75]. In pseudohypoparathyroidism type 1b

(PHP1b), a disorder caused by disrupted imprinting of the

GNAS locus, loss of maternal allele methylation in this

locus occurs in association with two genetic defects in cis: del-

etions or rearrangements of the NESP55 upstream promoter

region [76] or a recurrent microdeletion in the neighbouring

STX16 gene [77]. The mechanism underlying loss of methyl-

ation caused by NESP55 deletion can now be understood

from functional studies (see below), but the role played by

the element in STX16 remains unclear.

While the observations above constitute circumstantial

evidence, functional studies have indeed demonstrated a

requirement for transcription. In the mouse Gnas locus, del-

etion of the Nesp55 promoter or insertion of a transcription

termination cassette downstream of the Nesp55 exons results

in impaired methylation establishment of the maternal

gDMRs in this locus (figure 3) [30,78,79]. At the Snrpn locus,

a BAC transgenic experiment showed that methylation of the

Snrpn DMR depended upon upstream promoters active in

oocytes [80]. The latter report offers a novel explanation for

the imprinting errors in Angelman syndrome. It may be antici-

pated that methylation defects in additional imprinted gene

syndromes may be caused by disruption of promoter or

enhancer elements required to drive transcription events

necessary for methylation establishment. These observations

lead to a model in which maternal gDMRs correspond to

CpG islands associated with silent promoters that are located

within active transcription units (figure 3) [30,81]. However,

although transcription through CpG island-like features may

be essential (and this does need to be tested at additional

loci), it is not sufficient. Transcription from Nesp55 leads to

methylation of the intragenic gDMRs, but the intragenic

CpG island at the Gnas promoter remains fully unmethylated,

perhaps protected because it is active during oocyte growth

(figure 3) [30]. If a combination of promoter inactivity and

transcriptional read-through is an underlying mechanism,

why should it apply specifically to imprinted loci? The finding

that ‘the somatic promoter for Dnmt3L becomes methylated in

oocytes and is downstream of the oocyte-specific promoter’

suggests that the mechanism is more general [82].

The generality of transcription-dependent methylation of

gDMRs and CpG islands is supported by recent genome-

wide methylation studies in mouse oocytes. Profiling CpG

island methylation in mouse oocytes by reduced represen-

tation bisulphite sequencing demonstrated that very few

CpG islands are methylated at the onset of oocyte growth

(5 days post partum), but that approximately 7 per cent of

CpG islands (1062 of those assessed) have become highly

methylated in fully grown oocytes [33]. CpG island methyl-

ation, as with gDMRs, was found to depend upon both

DNMT3A and DNMT3L. Analysis of sequence properties did

not identify features that strongly discriminated methylated

from unmethylated CpG islands. Instead, a high proportion

of methylated CpG islands proved to be intragenically located,

especially when evidence for active transcription units and

alternative promoter use from mRNA-Seq data from growing

oocytes was considered [33]. Whole genome bisulphite sequen-

cing BS-Seq data corroborate the finding of CpG island

methylation: with somewhat greater coverage of CpG islands,

more than 2000 were identified to be methylated in oocytes

[34]. This latter study also revealed the presence of high

levels of gene body methylation, which is dependent on
DNMT3L and correlates with transcriptional activity inferred

from mRNA-Seq data (figure 2). These observations give rise

to the notion that gDMR and intragenic CpG island methyl-

ation is part of the general process of gene body methylation

occurring during oocyte growth (intragenic CpG islands

becoming methylated unless otherwise protected). This goes

back to our earlier proposition that maternal gDMRs are not

specifically targeted for methylation so, instead, we also have

to consider mechanisms that prevent their methylation in the

other germline to account for germline differential methylation

status. The great majority of CpG islands are unmethylated in

sperm (the numbers of methylated CpG islands identified by

Smallwood et al. [33] and Kobayashi et al. [34] range from 185

to 818). As discussed earlier, at several maternal gDMRs, it

has been demonstrated that their associated promoters are

active in male foetal germ cells and are marked by H3K4 tri-

methylation during the de novo methylation phase, consistent

with protection against methylation [31]. It might also be perti-

nent that the known paternal gDMRs are intergenically located

and are not transcribed in oocytes [30] and for this reason may

not be subject to methylation during oogenesis.

With the likelihood that transcription plays a major role

in de novo methylation of gDMRs in growing oocytes, is

there evidence that a similar mechanism applies in the male

germline? Although DNA methylation has now been com-

prehensively profiled in mature sperm (both in mouse and

human [34,54]), this is many cell divisions after the onset

of DNA methylation and no whole genome methylation
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profiling in prospermatogonia at the initial wave of DNA

methylation has yet been reported to allow correlation of

methylated sites with active transcription units. However,

analysis of individual paternal gDMRs (the H19 DMD and

Dlk1-Gtl2 IG-DMR) in male germ cells collected late in ges-

tation has detected transcripts traversing the DMRs, which

could be consistent with a transcription-dependent methyl-

ation mechanism analogous to that for maternal gDMRs in

growing oocytes [31]. Other models, for example, that

DMR-associated non-coding RNA could be involved in

recruiting histone modifier complexes to guide DNA methyl-

ation, are also possible, but there is no evidence to support

such a possibility at this time. There is substantial promoter

activity in developing male germ cells and it would be
interesting to explore the extent to which this broad transcrip-

tional activity contributes in the extensive DNA methylation

observed in sperm.
5. Integrating transcription and histone
modifications in gDMR methylation

The new perspective of intragenic methylation in oocytes

provides novel insights into possible mechanisms relating

to transcription-dependent histone modifications and the

recruitment of the DNMT3A/DNMT3L methyltransferase

complex (figure 4). As described earlier, binding of both

DNMT3A (the principal methyltransferase activity in
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growing oocytes [23,83]) and its essential co-activator

DNMT3L is sensitive to the modification state of the

N-terminal tail of histone H3. Histone tail binding by

DNMT3L and DNMT3A is inhibited by methylation at

lysine 4, while the PWWP domain of DNMT3A specifically

binds trimethylated H3K36 [29,59,84]. Trimethylation of

H3K36 is enriched in active transcription units [85], and

the H3K36 methyltransferase SETD2 is associated with the

elongating Ser2-phoshorylated form of RNA polymerase II

[86]. The H3K4me2/3 demethylase KDM5B (also known

as PLU-1/JARID1B) is recruited to gene bodies by

H3K36 trimethylation in ES cells, likely via interaction with

the chromodomain protein MRG15 [87]. Similarly, the

H3K4me1/2 demethylase KDM1B (also known as LSD2 or

AOF1) is associated with active gene bodies in human

HeLa cells and is present in a complex that includes

Ser2-phosphorylated RNA polymerase II and the H3K36

methyltransferase NSD3 [88]. Therefore, processes associa-

ted with transcription could directly set up a combination

of histone modifications permissive to interaction of

DNMT3A/DNMT3L (figure 4). Whether active gene bodies

and gDMRs do indeed have these histone modifications in

growing oocytes, and whether these specific factors are

involved in DNA methylation, will have to await further

experiments. Nevertheless, the histone modifications gener-

ally associated with transcription and the known interaction

properties of DNMT3A and DNMT3L do provide the basis

for a plausible model. As noted earlier, some CpG islands

within active transcription units do not become DNA-

methylated in oocytes. Most CpG islands in somatic cells

are enriched in the binding of CXXC-domain proteins,

which specifically bind unmethylated CpGs, including the

H3K36 demethylase KDM2A and CFP1, which is associated

with the SET1 H3K4 methylation complex [89]. Binding of

such factors could protect a subset of intragenic CpG islands

from DNA methylation in oocytes (figure 4); however,

whether these factors do maintain CpG islands hypomethyl-

ated in oocytes and what dictates which CpG islands they

bind to remains to be determined.
6. DMR methylation induced by small RNAs
One paternal gDMR, the ICR for Rasgrf1, depends on a quite

distinct mechanism that involves small RNAs of the Piwi-

interacting RNA (piRNA) class. The Rasgrf1 gDMR is also

unusual in that it is the only one known to require not only

DNMT3A, but also DNMT3B [50], the de novo methyltrans-

ferase essential for methylation of various interspersed

repeats in the male germline. The gDMR, which is greater

than 20 kb upstream of the Rasgrf1 promoter, is an extensive

element adjacent to a tandem repeat comprising 40 copies of

a 41 base motif. A region containing the tandem repeat has

been demonstrated to be essential for establishing methyl-

ation in the gDMR in male germ cells [90]. The gDMR also

contains a copy of a RMER4B repeat, a solo long terminal

repeat-type retrotransposon present in several thousand

copies in the mouse genome. From sequence libraries of

23–31-nt small RNAs from foetal testis, multiple small

RNAs were identified that exactly or closely matched the

RMER4B sequence in the gDMR; these small RNAs were

absent in mutants for MitoPLD, a protein involved in pri-

mary piRNA production [32]. Spermatogonia from
MitoPLD mutants also had strongly reduced methylation of

a core region of the gDMR, including the RMER4B sequence

(these mutants had normal methylation of the two other

paternal gDMRs). A closely related RMER4B element is

located in a piRNA cluster on another chromosome (chromo-

some 7). Evidence was presented that the Rasgrf1 tandem

repeat region serves as a promoter for a transcript that tra-

verses the RMER4B element and is targeted by piRNAs

produced from the chromosome 7 piRNA cluster. This pro-

cess results in the production of secondary piRNAs and

induction of the piRNA ping-pong amplification cycle [32].

piRNAs have been implicated as guides in de novo methyl-

ation of transposable elements specifically in male germ

cells [91], although the underlying mechanism is unclear.

The question whether additional gDMRs exist that depend on

DNMT3B and the piRNA pathway will require genome-wide

profiling of methylation in spermatogonia from mutants.

Given the critical role of piRNAs in silencing transposable

elements in male germ cells, there are likely to be other sites

of differential DNA methylation between sperm and oocytes

dependent on the piRNA pathway. This finding reiterates the

possibility that selection for imprinting could act on any

gDMR, irrespective of the mechanism by which it is established,

as long as a selective advantage would accrue to ensure

maintenance of the allelic DNA methylation after fertilization.
7. Parental imprints independent of
DNA methylation?

Unexpected findings in a number of experimental studies

have indicated that imprinting mechanisms other than CpG

methylation could be acting in mammalian germ cells as

well. Although the precise nature of such DNA methylation-

independent marks remains enigmatic, these observations

potentially identify pathways acting in parallel to germline

DNA methylation. Perhaps the best documented example is

imprinted X chromosome inactivation [92]. In the mouse,

X inactivation is subject to imprinting during early pre-

implantation development and in the extra-embryonic

lineages [93,94]. In these situations, the non-coding RNA

Xist is expressed from, and triggers inactivation of, the

paternal X chromosome, whereas the maternally inherited,

active X chromosome is marked such that it does not express

the Xist gene in the early embryo [95]. Remarkably, this

maternal germline-specific repression mechanism does not

require DNA methylation because it still occurs in the absence

of the de novo DNA methyltransferases during oogenesis [96].

Several autosomal domains in the mouse comprise genes

that appear to be imprinted in the extra-embryonic lineage

(placenta) only. A carefully conducted study in the mouse pla-

centa recently identified two new placenta-specific imprinted

loci, Ano1 and Gab1, at which no evidence for allelic DNA

methylation was found [97]. Similarly, the Sfmbt2 gene,

which exhibits paternal-allele-specific expression specifically

in early embryos and extra-embryonic tissues, appears to

lack a gDMR [98]. These intriguing observations raise the

question whether certain autosomal loci might be controlled

by a germline-derived imprint distinct from DNA methylation.

Knockout studies on Dnmt3L have provided unexpected

findings as well. DNMT3L-deficient females are phenotypi-

cally normal but do not establish DNA methylation imprints

in their oocytes. Absence of maternal DNA methylation
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imprints gives rise to aberrant imprinted gene expression in

embryos produced by Dnmt3L2/2 females [21,22]. Unexpect-

edly, however, in some embryos from DNMT3L-deficient

females, normal allelic DNA methylation was detected at the

Snrpn and Peg3 gDMRs and was associated with the expected

histone modifications at these DMRs in somatic cells [99,100].

However, whether this observation reflects stochastic methyl-

ation establishment even in DNMT3L-deficient oocytes or

allele-specific de novo methylation after fertilization is not

clear, owing to the conflicting reports of whether these

mutant oocytes have residual methylation of the Snrpn DMR

[21,34,83]. Failure in methylation of the Snrpn DMR also

occurs in oocytes from female mice lacking the Krüppel-

associated box (KRAB)-containing zinc finger protein ZFP57

[57]. The Snrpn DMR was unique among five maternal

gDMRs tested in depending on ZFP57 for de novo methylation

in oocytes. Surprisingly, however, in about half the offspring

from Zfp572/2 female mice, the Snrpn DMR regained methyl-

ation and did so specifically on the maternal allele. This

finding suggests that zygotically provided ZFP57 can read

an epigenetically distinct state of the maternal allele of the

DMR, which might be carried over from the oocyte, but

which must persist until after implantation, because DMR

methylation is still absent in e3.5 blastocysts [57]. The mechan-

istic basis for this recovery of methylation is currently unclear,

in particular because ZFP57 binding to DMRs appears to be

methylation-dependent [58].

When ectopically inserted into the genome in transgenic

studies, the H19 ICR, which is a paternal gDMR at its

endogenous location, does not acquire DNA methylation in

male germ cells. However, in some of the offspring of trans-

genic males, CpG methylation was found to be acquired on

the paternal allele at around the time of implantation

[101,102]. Thus, upon paternal transmission, the ectopically

inserted DMR had become marked in sperm so that it could

attract DNA methylation during embryonic development.

What parental mark other than DNA methylation could

be involved in these cases and could be somatically main-

tained, at least during early development? As concerns the

female germ line, several nuclear and cytoplasmic proteins

are known to influence imprint establishment at single or

multiple ICRs (table 1). For most such proteins, whether

they are directly involved in the DNA methylation pathway

or bring about marks other than DNA methylation is not

known. Given that the oocyte genome remains nucleosomally

organized throughout oogenesis, chromatin at maternal

gDMRs could acquire a state permissive to DNA methylation

establishment. If such a configuration were maintained after

fertilization, in exceptional cases, this could allow DNA

methylation establishment even after fertilization. As dis-

cussed earlier, recent studies show that at imprinted loci,

the paternal genome remains nucleosomally organized, at

least in part, in mature spermatozoa [65,66]. Defined chroma-

tin states could thus facilitate early-embryonic acquisition of

allelic DNA methylation on the paternal chromosome, as

observed in the H19 DMR transgenic studies.
8. An essential role for imprint maintenance
during early development

As discussed earlier, many CpG islands and other CpG-rich

regions become DNA-methylated during gametogenesis,
but it is only at a small fraction of these sequence elements

that methylation persists throughout the pre-implantation

period and during later stages of development (figure 1)

[33–35,55,118]. Therefore, the cellular mechanisms that main-

tain germline-derived methylation during early development

are the key to the specificity of genomic imprinting. They

determine which gDMRs maintain their differential DNA

methylation and, hence, can bring about parental-allele-

specific gene expression during development. Despite the

importance of this ‘selection’ process, the maintenance mech-

anisms acting specifically on imprinted gDMRs remain

poorly understood. As concerns human disease, understand-

ing how differential DNA methylation states are maintained

at these exceptional sequence elements is of considerable

importance. In most cases of imprinting-related diseases

[16], epigenetic alterations that perturb imprinted gene

expression are thought to arise in the early embryo. Studies

on human imprinting disorders and mouse models have pin-

pointed several proteins that are involved in the maintenance

of parental-allele-specific DNA methylation during embryo-

nic development (table 1). Some of these proteins have a

general role in the dynamics and maintenance of DNA

methylation, while others may be specifically directed at

imprinted loci. Moreover, DMR status requires activities

that maintain methylation on the methylated allele as well

as those that protect the unmethylated allele against aberrant

gain of methylation during development.

The first few embryonic cell cycles are particularly critical

for the maintenance of DNA methylation. Following fertiliza-

tion, the paternal genome loses a substantial part of its DNA

methylation through an active demethylation process. The

maternal genome is largely resistant to this active demethyla-

tion, but gradually loses much of its DNA methylation

during pre-implantation development [119]. Apart from the

essential and general role of the maintenance DNA methyl-

transferase DNMT1 [109], several maternal proteins

contribute to the protection against DNA demethylation

after fertilization. DPPA3 (also called PGC7 or STELLA) is

highly expressed during oogenesis, until the oocyte matu-

rates, and persists in the pre-implantation embryo. Gene

targeting studies in the mouse have shown that after fertiliza-

tion up to the 2-cell stage, DPPA3 plays a crucial role in

protecting the maternal genome against DNA demethylation.

This includes methylation of the maternal gDMRs at Peg1,

Peg3 and Peg10, but not those at Snrpn or Peg5. On the

paternal genome, DPPA3 protects two paternally methylated

gene loci against demethylation, H19 and Rasgrf1 [107].

Although DPPA3 contains a DNA-binding domain, its precise

mode of action and specificity towards a subset of gDMRs,

and whether this is linked to the presence of specific histone

modifications, remain to be discovered. Possibly, some of the

observed effects could be linked to the recently reported role

of DPPA3 in chromatin condensation during oogenesis [120],

which might set up histone modifications that protect against

DNA demethylation. DPPA3 appears to have a general role in

protecting the maternal genome against conversion of 5mC to

5-hydroxymethylcytosine (5hmC) [121], and so is best not

viewed as a selective factor in gDMR maintenance.

A nuclear protein that appears to have the most extensive

and specific role in protecting gDMRs against loss of methyl-

ation, and whose mechanism of action is perhaps best

understood, is ZFP57. The first insight into the essential

role of this KRAB-domain zinc finger protein came from



Table 1. Proteins involved in establishment and maintenance of DNA methylation at gDMRs.

protein
alternative
name(s) function phenotype due to protein-deficiency references

DNMT3A — de novo DNA methyltransferase lack of imprint establishment in germ cells [23]

DNMT3B — de novo DNA methyltransferase impaired establishment of Rasgrf1 gDMR in

male germ cells

[23,50]

DNMT3L — DNA methyltransferase-like protein lack of imprint establishment in germ cells [21,22,50]

MIWI2; MILI;

MitoPLD

PIWIL4; PIWIL2;

ZUC, PLD6

piRNA pathway proteins impaired establishment of Rasgrf1 gDMR in

male germ cells

[32,103]

KDM1B LSD2, AOF1 H3 lysine-4 demethylase defects in establishment of maternal gDMRs

in oocytes

[63]

NLRP2; NLRP7 — cytoplasmic caterpillar family

proteins, unknown molecular

function

maternal mutations associated with

hydatidiform moles affect methylation at

multiple maternal DMRs (human); NLRP2

mutations found in a Beckwith –

Wiedemann syndrome family with loss

of methylation at the KvDMR

[104,105]

C6orf221 (ECAT1) cytoplasmic protein with N-terminal

KH domain, interacts with

NLRP7

maternal mutations associated with

hydatidiform moles affect methylation at

multiple maternal DMRs (human).

[106]

DPPA3 PGC7, STELLA aberrant gain of DNA methylation at some

maternal gDMRs in the zygote

[107]

ZFP57 — KRAB domain zinc finger protein somatic loss of DNA methylation at multiple

gDMRs (mouse, human); absence of

maternal imprint establishment at Snrpn

gDMR (mouse)

[56 – 58]

KAP1 TRIM28, TIF1b,

KRIP1

KRAB-associated protein 1, scaffold

protein for heterochromatin

factors

stochastic loss of DNA methylation at

multiple gDMRs

[108]

DNMT1 — maintenance DNA methyltransferase somatic loss of DNA methylation, including

at imprinted loci

[109,110]

UHRF1 NP95, ICBP90 binds to hemimethylated DNA,

recruits DNMT1

somatic loss of DNA methylation, including

at imprinted loci

[111]

H1 — linker histone partial loss of DNA methylation at H19

gDMR and Dlk1-Gtl2 IG-DMR

[112]

MBD3; MTA2 — methyl CpG-binding domain

protein-3, metastasis tumour

antigen 2; components of the

NuRD complex

somatic loss of DNA methylation at the

H19 and Peg3 gDMRs

[113,114]

RBBP1; RBBP1L — RB binding proteins somatic loss of DNA methylation at Snrpn

gDMR

[115]

CTCF — zinc finger protein aberrant gain of DNA methylation at the

H19 gDMR during early development

[116]

ZFP42 REX1 zinc finger protein, with similarity

to YY1

aberrant acquisition of DNA methylation on

paternal allele of Peg3 gDMR

[117]

rstb.royalsocietypublishing.org
PhilTransR

SocB
368:20110336

10
studies on transient neonatal diabetes (TNDM), a disorder

caused by aberrant imprinting of PLAGL1. Intriguingly, in

some TNDM pedigrees, loss of DNA methylation was

detected at multiple DMRs and was found to correlate with
homozygous mutations in the ZFP57 gene [56]. A serendipi-

tous observation from gene targeting in the mouse revealed

that ZFP57 is essential in the somatic maintenance of DNA

methylation at multiple gDMRs, as well as for de novo
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methylation of the Snrpn DMR [57]. In ES cells, ZFP57 is

bound to almost all imprinted gDMRs studied, and to their

DNA-methylated alleles only. The specificity of this inter-

action is mediated by a hexanucleotide sequence

(TGCCGC) found at gDMRs and at only several tens of

additional loci [58]. A plausible mechanism by which

ZFP57 mediates the somatic maintenance of DNA methyl-

ation involves KRAB-associated protein 1 (KAP1, also

known as TRIM28, TIF1B or KRIP1). Through its KRAB

domain, ZFP57 brings its cofactor KAP1 to the chromatin,

which in turn leads to the recruitment of repressive chroma-

tin modifiers, including ESET/SETB1, which controls H3K9

trimethylation [58,122]. Furthermore, ZFP57/KAP1 com-

plexes also interact with DNMTs and the hemimethylated

DNA binding protein UHRF1 (also called NP95), which are

both essential for the maintenance of DNA methylation as

well (table 1). It has also recently been shown that KAP1

derived from the oocyte is essential for maintenance of

gDMR methylation during the first cell divisions, prior

to production of zygotic KAP1 [108]. In the absence of

maternal KAP1, there is stochastic loss of methylation at

several gDMRs, both maternal and paternal, but whether

all gDMRs are equally likely to be affected remains to be

seen. Further work should elucidate the precise in vivo links

between these maintenance factors. It will be important to

demonstrate whether the distribution of the TGCCGC motif

alone can explain why only a limited number of the large

set of CpG islands that arrive highly methylated from the

oocyte and sperm genomes fully retain methylation during

pre-implantation development, and whether KAP1 is part

of this discrimination process.

Additional zinc finger proteins may also affect DMR

methylation status, but in different ways and probably without

the specificity towards gDMRs exercised by ZFP57. ZFP42

(also known as REX1) is a well-known stem-cell marker

whose structure is similar to that of the more broadly

expressed YY1 protein. ZFP42-deficient blastocysts show a

degree of hypermethylation at two gDMRs, at Peg3 and at

Gnas, both known to contain YY1 binding sites [117]. The

multifunctional zinc finger protein CTCF plays diverse roles

in gene regulation. In somatic cells, it associates with the

unmethylated maternal allele of the H19 DMR. Mutation of

all four CTCF binding sites in the H19 DMR leads to aberrant

gain of DNA methylation on the maternal allele during post-

implantation development [116,123]. In both cases, therefore,

DNA binding by these sequence-specific zinc finger proteins

protects against methylation of the unmethylated allele. In

this regard, whole-genome methylome analysis in mouse ES

cells identified that hypomethylation at regulatory regions of

low CpG density (so-called ‘low methylated regions’) is con-

ferred by binding of transcription factors, such as CTCF

[124]. Together, these observations suggest that continual bind-

ing of such factors at the unmethylated copy of gDMRs could

provide protection against methylation during development,

but in a manner that is not specific to gDMRs.

Other proteins contribute to the embryonic maintenance

of DNA methylation at gDMRs as well. Methyl CpG-binding

domain protein-3 (MBD3) and metastasis tumour antigen 2

(MTA2) are both part of the nucleosome remodelling

and deacetylase (NuRD) chromatin remodelling complex.

Knocking-down either MTA2 or MBD3 was found to lead

to some reduction in methylation at the H19 DMR, but not

the Peg3 or Snrpn DMRs, in pre-implantation embryos
[113,114], suggesting that the NuRD complex contributes to

gDMR maintenance with some degree of specificity, but the

underlying mechanism is not known. Besides chromatin

regulatory proteins, histone modifications could also contrib-

ute directly to the early somatic maintenance of differential

DNA methylation at germline DMRs. Of particular interest

is the consistent enrichment of H3K4me2 and H3K4me3 on

the unmethylated allele at all gDMRs analysed. At maternally

methylated gDMRs, this mark correlates with promoter

activity. Because the de novo DNA methylation machinery

is expressed highly in the early embryo, allelic enrichment

of H3K4me2/3 could prevent acquisition of aberrant de

novo methylation in embryonic cells, as discussed earlier

for germ cells, because it would prevent binding of the

DNMT3A- and DNMT3B/DNMT3L complexes to chro-

matin [29,59]. Whether other promoter-associated histone

modifications directly prevent DNA methylation on the

unmethylated alleles of gDMRs remains to be explored.

Proteins of the ten-eleven translocation (TET) family have

been hypothesized to be involved in the control of CpG

methylation in mammalian cells [125]. A few years ago,

TET1 was shown to oxidize 5mC to 5hmC, thereby contribut-

ing to DNA demethylation [126]. TET proteins are expressed

in different cell types, at highest levels in the zygote and in ES

cells, and this could pinpoint a role in DNA demethylation.

TET3 has been shown to be involved in the conversion of

5mC to 5hmC in the mouse zygote, particularly in the

sperm-derived pronucleus [127], but a role specifically in con-

trolling DNA methylation at CpG islands that acquire

methylation in the germline has not been demonstrated. Pro-

teins of this family could also help in maintaining the

unmethylated allele of gDMRs unmethylated by removing

aberrantly acquired 5mC.
9. Outlook
Two new concepts that challenge how we view imprinting

have emerged from recent work. First, that methylation at

gDMRs is not the result of specific targeting mechanisms,

but is better viewed as part of the general processes of

methylation in the female and male germlines (figures 2

and 4). This is illustrated particularly graphically in oocytes,

in which gDMRs are seen to be part of gene body methyl-

ation (figure 3). This new perspective suggests that

‘imprint-specific factors’ do not exist in germ cells. Second,

that many CpG-rich sequences become DNA-methylated in

oocytes or sperm, but only a fraction of these gametic

marks survive through the early stages of development

(figure 1). Therefore, there must be a selection process in

pre-implantation embryos that specifically protects gDMRs

from demethylation and brings about the persistent

parental-allele-specific DNA methylation that defines (most)

imprinted domains. In the pre-implantation embryo and

beyond, gDMR status is likely maintained by a combination

of generic factors and, more excitingly, one or more imprint-

ing specific factors, as exemplified by ZFP57. The latter has

particularly interesting implications for the evolution of

imprinting. This novel angle from which to consider the

specificity of genomic imprinting raises interesting questions

that could be addressed in future research. Is maintenance of

gDMR methylation determined by specific DNA sequence

motifs or by additional epigenetic marks conferred in the
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gametes? To properly address this second issue, it would be

essential to know all imprinted genes. Recent mRNA-Seq

analysis of gene expression in brain from reciprocal hybrid

mice raised the possibility that there were ten-fold more

potentially imprinted transcripts than previously recognized

[128], but this conclusion has been disputed [129]. Integration

of such mRNA-Seq data with methylation profiles of gametes

[33–35] and allele-specific methylation in embryo or adult tis-

sues [118] should provide a definitive list of imprinted loci

and the developmental fate of gamete-derived methylation.

An important question relates to the chromatin (re)organ-

ization at gDMRs during gametogenesis. The histone

modification status at gDMRs may be relevant not only by

serving as a template for de novo DNA methylation, but

might also influence the fate of these elements after fertiliza-

tion, and could also contribute to imprinting phenomena

apparently independent of DNA methylation. Besides the

acquired CpG methylation, what other features of chromatin

characterize gDMRs in the mature oocyte (maternal imprints)

or sperm (paternal imprints)? Could additional features of

chromatin help protect these exceptional gDMRs against

loss of DNA methylation following fertilization? Could

such a protection mechanism also be linked to the binding

of non-histone proteins already in the gametes? Technically,

this question is a not trivial to address. However,

interesting insights have emerged relative to paternal

imprints from studies showing that imprinted loci partially

remain associated with histones in mature sperm [65,66].

At the protected paternal gDMRs, therefore, specific histone

modifications could contribute to the maintenance of DNA

methylation after fertilization.

Maternal factors that recognize specific gDMRs are likely

to play a significant role as well. Above, we described the

example of DPPA3, a protein that protects a subset of

gDMRs after fertilization. The cell biology of the maturing

oocyte can also impact on maintenance processes after fertili-

zation. Several recent studies show that hormone-induced

superovulation can affect maintenance of DNA methylation at

both maternal and paternal gDMRs during pre-implantation

development [130,131]. This maternal effect could be linked

to altered protein accumulation in the oocyte as a conse-

quence of superovulation, for example, by prematurely

recruiting oocytes to ovulate. Histone modifications are

likely to contribute to the early somatic maintenance of allelic

methylation at gDMRs as well, and we discussed the possible

role of H3K4 methylation. Studies have only just started to

explore chromatin at imprinted loci in pre-implantation

embryos [132], for which the available material is still limiting

for currently used ChIP methods. When considering chroma-

tin in the pre-implantation embryo, histone variants may also

need to be considered. Although its role remains to be

explored, enrichment of the H2A variant macroH2A1 on

the DNA-methylated allele of several gDMRs in somatic

cells was reported in one study [133]. Understanding the
maintenance of allelic DNA methylation in the early

embryo is particularly relevant in relation to in vitro culture

of human embryos and other assisted reproduction technol-

ogies that may increase the risk of epigenetic abnormalities

and give rise to imprinted-related diseases.

It is sometimes assumed that the maintenance of allelic

methylation imprints is comparable between the different

cells of the early embryo. This is not necessarily the case, par-

ticularly comparing the cells that eventually give rise to the

embryo itself and those that form the extra-embryonic

lineages. In vitro culture of pre-implantation embryos fre-

quently affects the maintenance of DNA methylation

imprints, particularly in the trophoblast cells that give rise

to the placenta [134]. It remains to be discovered why these

cells maintain methylation at gDMRs less tightly, and

whether this could be linked to lower levels of expression

of specific protein factors.

Finally, the recent discoveries raise the intriguing ques-

tion as to how and why mechanisms evolved to maintain

DNA methylation only at certain gDMRs in the early

embryo. To what extent does this represent a conflict between

the maternal and paternal interests, in accordance with

one theory for the evolution of imprinting [135]? Some of

the factors involved in maintenance, such as DPPA3, are con-

tributed to the zygote by the oocyte and mediate their

protective effect during the very early stages following ferti-

lization, providing an element of maternal control over

DNA methylation maintenance. But many others act mostly

in the early embryo, some even after implantation and are

equally expressed from both the parental genomes (table 1).

Certainly after zygotic genome activation, the two parental

genomes unite in somatic maintenance of gDMRs, irrespec-

tive of their parental origin. While some of the processes of

gDMR maintenance depend upon generic mechanisms regu-

lating DNA methylation, there is also the involvement of

factors like ZFP57, which themselves are not imprinted,

that act selectively at imprinted gDMRs. This suggests the

evolution of specific imprinting maintenance factors possibly

in concert with the evolution of their target sequences. There

may be a point in development, after the phases of greatest

epigenetic upheaval, at which maintenance does become

the default and specific factors such as ZFP57 become dispen-

sable. Future research into these intriguing issues should

benefit from comparisons between different groups of ani-

mals, to trace back the evolution of maintenance factors

and their involvement in genomic imprinting.
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