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ABSTRACT  DNA methylation in the oocyte has a particular significance: it may contribute to gene 
regulation in the oocyte and marks specific genes for activity in the embryo, as in the case of im-
printed genes. Despite the fundamental importance of DNA methylation established in the oocyte, 
knowledge of the mechanisms by which it is conferred and how much is stably maintained in the 
embryo has remained very limited. Next generation sequencing approaches have dramatically al-
tered our views on DNA methylation in oocytes. They have revealed that most methylation occurs 
in gene bodies in the oocyte. This observation ties in with genetic evidence showing that transcrip-
tion is essential for methylation of imprinted genes, and is consistent with a model in which DNA 
methyltransferases are recruited by the histone modification patterns laid down by transcription 
events. These findings lead to a new perspective that transcription events dictate the placing and 
timing of methylation in specific genes and suggest a mechanism by which methylation could be 
coordinated by the events and factors regulating oocyte growth. With these new insights into the 
de novo methylation mechanism and new methods that allow high resolution profiling of DNA 
methylation in oocytes, we should be in a position to investigate whether and how DNA methyla-
tion errors could arise in association with assisted reproduction technologies or in response to 
exposure to environmental toxins. 
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Introduction

Epigenetic modifications of the DNA (cytosine methylation, 
cytosine hydroxymethylation) or chromatin (post-translation modifi-
cation of histones) confer an additional layer of information on the 
DNA that influences the accessibility of the nucleotide sequence 
to nuclear processes such as gene transcription. The epigenome 
– the summation of epigenetic modifications across the genome 
– thus constitutes a fundamental component of the mechanism by 
which genome information is organised, adapted and interpreted. 
Some epigenetic modifications, notably cytosine methylation, can 
be propagated to the daughter cells at DNA replication to provide 
a long-term memory of earlier decisions, for example, gene activa-
tion or repression events during lineage specification, whilst others 
are more dynamically controlled in response to extrinsic signals. 
Epigenetic modifications thus dictate genome function, but also 
provide a marker of developmental history, experience or changing 
external environments that can instruct or constrain later responses. 
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DNA methyltransferase 3a;Dnmt3b, DNA methyltransferase 3b;Dnmt3L, DNA 
methyltransferase 3-like;gDMR, germline differentially methylated region;GV, 
germinal vesicle; H3K4, histone H3 lysine-4;H3K36, histone H3 lysine-36;ICR, 
imprinted control region; Kap1, KRAB-associated protein 1; Kdm1b/KDM1B, 
lysine-specific demethylase 1b;KRAB, Krüppel-associated box;MII, metaphase 
II; mRNA-Seq, mRNA content analysis by next generation sequencing; NLRP2, 
Nucleotide-binding oligomerization domain, leucine rich repeat (NLR) and pyrin 
domain containing protein-2; NLRP7, Nucleotide-binding oligomerization domain, 
leucine rich repeat (NLR) and pyrin domain; containing protein-7; PHD, plant 
homeodomain; RRBS, reduced representation bisulphite sequencing; Setd2, Set 
domain containing 2; SETDB1, Set domain, bifurcated 1; Tet, ten-eleven trans-
location (Tet) methylcytosine dioxygenase; Zfp57/ZFP57, zinc-finger protein 57.

Epigenetic information has a special significance in germ cells. The 
mature oocyte and sperm have unique epigenomes reflecting their 
status as highly differentiated and phenotypically distinct cells, but 
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some of their epigenetic information is passed on to the embryo 
in a stable manner, such that epigenetic marks established in the 
gametes can influence gene activity throughout the lifetime of the 
offspring. This applies classically in the case of imprinted genes 
in mammals but may also occur, perhaps to a variable extent, at 
other DNA sequences. Because epigenetic decisions or errors 
made in gametes can be transmitted to the embryo, it is imperative 
that we understand the processes that establish and maintain the 
epigenetic patterning of our gametes and identify where vulner-
abilities might lie. Here, we review very recent advances in our 
understanding of the distribution of DNA methylation in the oocyte, 
the mechanisms by which it is established, and the purposes it 
has in the oocyte and beyond.

Principles of DNA methylation

DNA methylation is the archetypal epigenetic mark (Jones, 2012). 
In mammals, DNA methylation is found on cytosines primarily in 
the context of CpG dinucleotides. Because methylation normally 
occurs on the cytosine on both DNA strands in CpGs it is often 
referred to as symmetric. Importantly, symmetric methylation can 
be maintained after DNA replication because the ‘hemimethylated’ 
DNA so formed is the perfect template for the maintenance DNA 
methyltransferase Dnmt1 to add a methyl group to the cytosine 
on the nascent strand opposite the methylated cystosine on the 
parental strand. This default maintenance process has the po-
tential to propagate a DNA methylation state across countless 
DNA replication events, such that DNA methylation can provide 
a long-term, epigenetic memory. DNA methylation can also occur 
outside of CpGs, in which case it is referred to as non-CpG or 
asymmetric methylation. Although initially considered absent or 
rare in mammalian DNA, there is increasing evidence that non-
CpG methylation is present at appreciable frequencies in selected 
cell types, particularly those such as embryonic stem cells (Lister 
et al., 2009) that have high levels of activity of the de novo DNA 
methyltransferases Dnmt3a and Dnmt3b, since these enzymes do 
not exclusively methylate cytosines in CpGs. However, the func-
tional role of non-CpG methylation is largely unclear, in particular 
because non-CpG methylation cannot be copied directly onto 
the daughter DNA strands after replication by Dnmt1. Non-CpG 
methylation is especially abundant in oocyte DNA (Tomizawa et 
al., 2011; Kobayashi et al., 2012), where it can be considered to 
be the result of accumulation of the non-CpG methylation activity 
of the de novo methyltransferases acting in a non-replicating cell. 
Whether it has any functional significance is not clear: there is no 
evidence that prominent sites of non-CpG methylation in oocytes 
retain high levels of methylation after fertilisation in preimplantation 
embryos (Tomizawa et al., 2011; Kobayashi et al., 2012).

In the mammalian genome as a whole, most CpG sites are 
methylated. This includes CpGs in intragenic and intergenic loca-
tions and most interspersed repetitive elements. One class of ele-
ments that escapes the general hypermethylation are CpG islands 
(Deaton and Bird, 2011). These are short segments of DNA a few 
hundred base pairs to several kilobases in length in which CpGs 
are especially enriched (or correctly put, not depleted in relation 
to the base composition of the genome). Many promoters reside 
within CpG islands and even those CpG islands not mapping at 
canonical transcription start sites might signify alternative pro-
moters (Illingworth et al., 2010). Whilst the great majority of CpG 

islands are constitutively unmethylated in somatic cells, notable 
exceptions are the CpG islands on the inactive X chromosome in 
females and CpG islands at the control regions of imprinted genes, 
which are methylated on one parental allele. In addition, around ten 
percent of CpG islands are methylated tissue-specifically. These 
properties make the epigenetic status of CpG islands of particular 
significance. In addition to CpG islands, active promoters and other 
putative regulatory sequences have been identified which retain 
a low level of methylation in a cell-specific manner (Stadler et al., 
2011). Although the pattern of DNA methylation will differ in detail 
between different types of somatic cell, the general principle is likely 
to be the same. The oocyte, however, appears to have a distinct 
methylation profile, in which methylation occurs predominantly in 
gene bodies (Kobayashi et al., 2012), the significance of which is 
discussed in more detail below.

DNA methylation can be removed by two mechanisms, so-called 
passive and active demethylation. Passive demethylation involves 
the failure to methylate the nascent DNA strand after replication, 
such that a state of hemimethylation remains and, with subsequent 
DNA replication and cell division, the methylated state becomes 
progressively diluted from the population over time. The mecha-
nisms responsible for active demethylation that occurs outside 
the context of DNA replication remain somewhat controversial, 
but recent work has highlighted the role of oxidative conversion 
of 5-methylcytosine to 5-hydroxymethylcytosine and subsequent 
derivatives catalysed by members of the ten-eleven translocation 
(Tet) family of proteins (Ficz et al., 2011). Apart from the fact that 
pre-existing DNA methylation profiles are erased early in germ 
cell specification, whether there is any active turnover of DNA 
methylation in oocytes once methylation patterns start to become 
established is not known. Members of the Tet family (Tet3) are 
highly expressed in oocytes, but it is possible that they function 
only after fertilisation to contribute to genome-wide reprogramming 
of methylation in the zygote and during early cleavage divisions 
(Gu et al., 2011).

Because of the profound effect DNA methylation can have on 
how DNA sequence is read by transcriptional regulators and be-
cause DNA methylation patterns can be copied at DNA replication, 
methylation in the oocyte has a particular significance. It could 
have a direct impact on how genes are expressed in the oocyte 
and DNA methylation deposited on genes in the oocyte can influ-
ence how genes are expressed in the embryo. This is obviously 
the case for imprinted genes (Ferguson-Smith, 2011). These are 
genes for which only one allele is normally expressed because their 
control regions (ICRs) are methylated on one parental allele. This 
monoallelic methylation has its origin in the gametes (hence the 
alternative term germline differentially methylated region, gDMR) 
and most imprinted gDMRs are methylated in oocytes and not sperm 
(Tomizawa et al., 2011). Imprinted genes represent a unique class 
of gene, in which DNA methylation differences between oocyte and 
sperm are fully maintained after fertilisation and throughout the 
lifetime of the offspring. This combination of gametic methylation 
difference and faithful maintenance of parent-of-origin methylation 
in the preimplantation embryo at a time that most of the rest of 
the genome is comprehensively losing methylation sets imprinted 
genes apart. Although only a very small fraction of our genome is 
imprinted (representing ~100 genes and nineteen characterised 
imprinted gDMRs), imprinting does provide a precedent that func-
tionally significant epigenetic states can be transmitted from parent 
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to offspring. It is possible that epigenetic states outside of classical 
imprinted genes could be passed from mother to offspring, and 
this could include epigenetic variation caused by genetic factors 
or by nutritional or environmental factors, but the existence and 
extent of such intergenerational epigenetic inheritance remain to 
be documented. Both for the robustness of imprinting and for the 
possibility of transmission of an acquired epigenetic state, it is vitally 
important that we understand how DNA methylation is established 
in oocytes and what processes could alter the normal methylation 
patterning of oocytes.

Although DNA methylation is still the best understood epigenetic 
mark, it cannot be considered in isolation from other epigenetic 
marks, such as post-transcriptional modifications of histones. A 
multitude of histone modifications have now been characterised 
(acetylation, methylation, phosphorylation, ubiqitination, etc.) and 
how they partition between active and inactive genes and regula-
tory features. However, the extent to which histone modification 
states are passed on through DNA replication is unclear and the 
mechanisms that could provide a memory of histone modification 
state remain to be fully elucidated (Margueron and Reinberg, 
2010). Whereas next generation sequencing has begun to reveal 
in great precision the location of DNA methylation in the oocyte 
genome (Smallwood et al., 2011; Kobayashi et al., 2012; Smith et 
al., 2012), this information is almost completely lacking for histone 
modifications, because mapping histone modifications still requires 
far larger numbers of cells than the numbers of oocytes that can be 
readily obtained. However, it is very likely that histone modification 
state plays a major role in determining the placement of cytosine 
methylation in the oocyte genome (as detailed below), so there 
is a need to understand the distributions of histone modifications 
and the factors that determine them in oocytes. It is also possible 
that histone modifications present in oocyte chromatin can be re-
tained on maternal chromosomes after fertilisation and influence 
the activity of genes in the zygote and early embryo (Kelsey and 
Feil, 2013), so knowledge of chromatin organisation in oocytes is 
also important from that point of view.

The mechanistic basis of de novo DNA methylation in 
oocytes

Gametogenesis in mammals is characterised by extensive 
epigenetic reprogramming events that, in the first instance, erase 
the pre-existing epigenetic profile of the somatic cells from which 
germ cells are specified in the early embryo and, then, elaborate the 
epigenetic patterns of the mature gametes (Smallwood and Kelsey, 
2012). Thus, by the time primordial germ cells have migrated to 
the genital ridge, it is thought that they are largely devoid of DNA 

methylation (Guibert et al., 2012). In the mouse female germline, 
the period that DNA methylation is re-established is after birth 
during oocyte growth (Fig. 1). Thus, it occurs in oocytes that have 
entered meiosis and have arrested in the diplotene stage of mei-
otic prophase I. Many studies have used the gDMRs of imprinted 
genes in the mouse as a model for de novo methylation (but with 
the assumption that gDMR methylation may be a rather specific 
mechanism). These studies have established that the onset of 
gDMR methylation coincides with the transition from primary to 
secondary follicles and is dependent on oocyte size, such that 
gain in methylation is detected in oocytes once they have attained 
a diameter of at least ~50mm and is complete by the germinal 
vesicle (GV) stage when oocytes become transcriptionally silent 
(Lucifero et al., 2004; Hiura et al., 2006; Denomme et al., 2012). 
The more limited analyses that has necessarily been done in hu-
man oocytes show that gDMR methylation occurs during similar 
stages in human oocytes (Sato et al., 2007) At least in the mouse, 
there is no evidence for substantial gain of methylation as late 
as oocyte maturation. Recent genome-wide studies support the 
conclusion that the major phase of de novo methylation occurs in 
growing oocytes and that prior to the onset of oocyte growth the 
genome has a very low level of methylation (Smallwood et al., 
2011). From a sequence point of view, gDMRs can be considered 
to be CpG island-like elements, each comprising several hundred 
CpG dinucleotides covering upto a few kilobases of DNA and 
in which every CpG is methylated by the time oocytes are fully 
grown (Tomizawa et al., 2011). Interestingly, de novo methylation 
of gDMRs may not be synchronous, with evidence that different 
gDMRs start to acquire methylation in different size populations 
of oocytes (Lucifero et al., 2004; Hiura et al., 2006; Denomme et 
al., 2012). This molecular observation is consistent with elegant 
nuclear transfer studies that provided evidence that different im-
printed domains acquire the competence to become imprinted at 
different times in oocyte growth (Obata and Kono 2002).

The de novo DNA methyltransferase universally responsible for 
gDMR methylation in oocytes is Dnmt3a (Kaneda et al., 2004); 
the sister protein Dnmt3b appears not to be required for DNA 
methylation in oocytes (Kaneda et al., 2010). gDMR methylation 
also requires the presence of Dnmt3L (Bourc’his et al., 2001; 
Hata et al., 2002), a catalytically inactive, related protein that 
forms a heterotetrameric complex with Dnmt3a (Jia et al., 2007). 
Although Dnmt3L was initially thought of as a factor required 
specifically to methylate imprinted gDMRs, and to enhance the 
activity of Dnmt3a rather than being an essential cofactor (Chedin 
et al., 2002), these assumptions have to be revised in the light of 
genome-wide methylation analysis. First, profiling of CpG island 
methylation in oocytes by reduced representation bisulphite se-

<20 40 50
>70 MII Fig. 1. Establishment of DNA methylation during oocyte 

growth. DNA methylation occurs in growing oocytes, with 
the onset of methylation coinciding with the transition 
from primary to secondary follicles or as oocytes attain a 
diameter of >50 mm. At any particular sequence (a typical 
gDMR of an imprinted gene is depicted here, with individual 
CpGs represented by circles and black circles representing 
methylation), DNA methylation appears to be a progressive 

process, such that partially methylated intermediates can be detected in populations of oocytes. CpG methylation is completed by the time oocytes 
are >70 mm. Fully grown oocytes also accumulate methylation at cytosines outside CpG dinucleotides (red circles) although, in contrast to CpG sites 
in gDMRs which all become methylated, non-CpG sites are less consistently methylated (Tomizawa et al., 2011).
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quencing (RRBS) identified >1000 CpG islands fully methylated 
in GV or metaphase II (MII) oocytes and demonstrated that apart 
from a handful, all depended equally on Dnmt3a and Dnmt3L for 
methylation (Smallwood et al., 2011). (The handful of exceptions 
comprised CpG islands that were already methylated before the 
onset of oocyte growth and before the appearance of Dnmt3a and 
Dnmt3L; they might represent rare elements that do not become 
demethylated during the genome-wide demethylation that occurs in 
primordial germ cells.) Second, whole genome shotgun bisulphite 
sequencing (BS-Seq) demonstrated that methylation in oocytes 
occurs predominantly over gene bodies and that all such gene 
body methylation depends on Dnmt3L (Kobayashi et al., 2012). 
In the absence of Dnmt3L many, but not all, interspersed repeats 
are also hypomethylated.

Apart from Dnmt3a and Dnmt3L, there are two other factors that 
have been demonstrated to be necessary for gDMR methylation 
in oocytes in mice, but neither is required universally. Oocytes 
lacking the histone H3 lysine-4 demethylase Kdm1b (also known 
as Aof1 or Lsd2) fail to methylate four out of seven of the gDMRs 
examined (Ciccone et al., 2009). The reason for this selectivity 
is not understood; possible mechanistic links between Kdm1b 
and DNA methylation are discussed below. Oocytes lacking the 
KRAB-zinc finger protein Zfp57 fail to methylate the gDMR in the 
Snrpn locus, but not at four other imprinted loci tested (Li et al., 
2008). Zfp57 is a sequence-specific DNA-binding factor which, via 
binding with the repressor Kap1 (also known as TRIM28, Tif1b or 
KRIP-1), interacts with several epigenetic modifiers, including the 
H3K9 methyltransferase SETDB1 (also known as ESET), as well 
as Dnmt3a (Quenneville et al., 2011; Zuo et al., 2012). However, 
its binding motif is present in all gDMRs and it binds when methyl-
ated, so how Zfp57 is involved in de novo methylation of a specific 
gDMR is unclear. Zfp57 is essential in preimplantation embryos for 
maintaining methylation of all gDMRs, both in mice and humans 
(Li et al., 2008; Mackay et al., 2008; Quenneville et al., 2011). 
Human studies have also identified additional proteins necessary 
for gDMR methylation. Mutations in NLRP7 and C6orf221 result 
in familial biparental hydatidiform mole, a condition of recurrent 
pregnancy loss caused by failure to establish DNA methylation 
multiple imprints in the oocyte or maintain them in the conceptus 

(Murdoch et al., 2006; Parry et al., 2011). Mutations in NLRP2 
have been found in cases of the imprinted disorder Beckwith-
Wiedemann syndrome in which there is absence of methylation 
of the KCNQ1OT1 gDMR (Meyer et al., 2009). The mode of action 
of these proteins in DNA methylation is not understood. NLRP2 
and NLRP7 are members of the CATERPILLAR family of proteins, 
which are involved in intracellular regulation of bacterial-induced 
inflammation, whilst C6orf221 is part of a family of proteins charac-
terised by an N-terminal KH domain (K homology domain), which 
can bind RNA. Based on the properties of related proteins in mice, 
it has been suggested that NLRP7 and C6orf221 may form part 
of a complex that may help to provide structural organisation of 
cytoplasmic processes in the oocyte (Parry et al., 2011). Given this 
cytoplasmic location, it will be intriguing to determine how these 
proteins ultimately regulate DNA methylation, but the absence of 
direct orthologues in the mouse makes functional studies difficult. 
Strictly, it is not possible to infer at this time whether NLRP2, NLRP7 
and C6orf221 function in methylation establishment in the oocyte 
or methylation maintenance in the zygote as a result of maternal 
protein provided from the oocyte.

Transcription determines DNA methylation in oocytes

A question that has occupied the imprinting community in 
particular for a number of years is how Dnmt3a and Dnmt3L are 
targeted to methylate gDMRs. In light of recent mechanistic and 
methylation profiling studies, this is probably the wrong way to 
consider how and where DNA methylation is established in the 
oocyte. The assumption, which must now be considered flawed, was 
that Dnmt3a in combination with Dnmt3L was recruited by specific 
DNA sequence motifs or properties of the DNA sequence, such as 
regular spacing of CpG dinucleotides (Jia et al., 2007). More likely, 
the Dnmt3a:Dnmt3L complex methylates DNA in response to the 
histone modification state of the associated chromatin, and rather 
than reflecting the underlying DNA sequence, the histone modifica-
tion status permissive for Dnmt3a:Dnmt3L may be determined to 
a large extent by transcriptional activity (Smallwood and Kelsey, 
2012; Kelsey and Feil, 2013). The first decisive observation in sup-
port of a role of transcription in DNA methylation was made for the 

Nesp

GnasGnas1ANespas Gnasxl

Fig. 2. Transcription is required for DNA methylation at imprinted germline differentially methylated region (gDMRs). The scheme represents the 
imprinted Gnas locus, for which a requirement for transcription in gDMR methylation was first demonstrated. The locus comprises several alternative 
transcripts, Gnas, Gnas1A, Gnasxl and Nesp, which initiate from alternative promoters but are part of the same transcription unit, and Nespas, which 
is transcribed in the opposite direction. The Gnas and Nesp promoters are active during oocyte growth (arrowheads), whereas the Gnas1A, Gnasxl and 
Nespas promoters are inactive. Importantly, transcription initiating from the Nesp promoter passes through the entire locus, including the gDMRs (grey 
bars). Preventing Nesp transcription blocks the establishment of methylation of the gDMRs (Chotalia et al., 2009; Fröhlich et al., 2010). Whole genome 
BS-Seq (Kobayashi et al., 2012) has revealed that the entire transcription unit is methylated (black circles), with the exception of the CpG islands as-
sociated with the Gnas and Nesp promoters (white circles). These CpG islands may escape transcription-induced DNA methylation because they are 
active in oocytes and may bind factors that ensure a chromatin organisation non-permissive for engagement of Dnmt3a:Dnmt3L. It is expected that 
the same principles apply to all active transcription units in oocytes.
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imprinted locus Gnas. This locus contains two gDMRs upstream 
of the CpG island promoter for Gnas; somewhat further upstream 
there is an additional alternative promoter, for the Nesp transcript 
(Fig. 2). The Nesp promoter is active in growing oocytes, although 
the encoded Nesp protein does not have an obvious function in 
oocytes. Importantly, transcription initiating at the Nesp promoter 
goes through the gDMRs and when transcription is ablated (by 
deleting the promoter or inserting a transcription termination cas-
sette), methylation of the gDMRs is partially or completely lost 
(Chotalia et al., 2009; Fröhlich et al., 2010). In human, deletions 
of the homologous NESP55 promoter region are associated with 
complete loss of methylation of the DMRs in the GNAS locus when 
maternally transmitted (Bastepe et al., 2005). A similar require-
ment for transcription across a gDMR in oocytes for methylation 
establishment has recently been shown for the Snrpn imprinted 
locus (Smith et al., 2011). This finding may provide an explanation 
for why maternally-transmitted deletions in cis but separate from 
the SNPRN gDMR in humans can result in loss of methylation of 
the gDMR, which is one molecular cause of Angelman syndrome.

A major role for transcription in de novo methylation can now also 
been inferred from RRBS and BS-Seq data from mouse oocytes. 
RRBS, which preferentially profiles CpG islands, showed that 
methylated CpG islands in oocytes were disproportionately located 
within genes rather than at their 5’ ends, as might be expected 
for CpG islands (Smallwood et al., 2011). This was especially so 
after inferring gene structures from mRNA-Seq data rather than 
using conventional gene annotations. BS-Seq data revealed that 
most DNA methylation in oocytes is within gene bodies and the 
level of methylation correlates with gene expression level based 
on mRNA-Seq analysis (Kobayashi et al., 2012). Aside from 
demonstrating a strong correlation between transcription and 
methylation, these observations are important in another respect. 
They suggest that gDMR and intragenic CpG island methylation is 
contiguous with and therefore mechanistically similar to gene body 
methylation. This supports the conclusion that gDMR methylation is 
not primarily determined by DNA sequence, but rather by location 
within transcription units. However, an impact of DNA sequence on 
methylation cannot be excluded, but sequence properties may be 
more important in determining specific sites to be protected from 
methylation. Hence, intragenically located CpG islands associated 
with active promoters may be protected from the default gene body 
methylation (Fig. 2; and see Chotalia et al., 2009) by binding acti-
vating transcription factors that directly or indirectly recruit histone 
modifying activities that generate a chromatin state non-permissive 
to Dnmt3a:Dnmt3L (Kelsey and Feil, 2013).

The conclusion that transcription is a major driver of DNA meth-
ylation in oocytes has two important implications. First, it suggests 
mechanistic models that integrate transcription, transcription-cou-
pled processes of histone modification and the known properties 
of Dnmt3a:Dnmt3L in relation to their interaction with chromatin. 
Second, it suggests how DNA methylation may be coordinated by 
factors that control oocyte growth.

Transcription, transcription-dependent histone modi-
fications and the de novo DNA methylation complex

A fundamentally important finding was that Dnmt3L is sensitive 
to histone modification state. Via its PHD (plant homeodomain)-
like domain, Dnmt3L interacts with the amino-terminal tail of 

histone H3, but not when lysine at residue 4 is methylated (Fig. 
3; Ooi et al., 2007; Hu et al., 2009). Subsequently, it was shown 
that the PHD domain of Dnmt3a has similar properties (Zhang 
et al., 2010). This is compatible with an ability to DNA methylate 
transcriptionally inactive promoters, which are depleted in H3K4 
tri- and di-methylation. It also helps explain the observation that 
some gDMRs fail to become methylated in oocytes lacking the 
H3K4 demethylase Kdm1b, which is active against H3K4 di- and 
mono-methylation (Ciccone et al., 2009). Interestingly, it has also 
been reported that KDM1B in human cells (HeLa) is associated 
with gene bodies (Fang et al., 2010): if this also applied in oocytes, 
then transcription-coupled Kdm1b activity may be generally required 
to prepare gene bodies for DNA methylation, including intragenic 
CpG islands and gDMRs within transcription units. Since Kdm1b 
is only readily detected in oocytes from the secondary follicle 
stage, a possible explanation for why only a subset of gDMRs 
depend on Kdm1b for DNA methylation is that these gDMRs are 
normally methylated latest in oocyte growth, so that alternative 
H3K4 demethylase activities present at earlier stages are required 
for other gDMRs or transcription units (Ciccone et al., 2009). It 
will be interesting to investigate whether dependence on Kdm1b 
correlates with the time of activity of transcription units in which 
the gDMRs are located. Dnmt3a is sensitive to additional histone 
modifications, since its PWWP domain has been shown to bind 
H3K36me3 (Fig. 3; Dhayalan et al., 2010). This property may be 
important, because H3K36me3 is a histone modification associated 
with transcriptional elongation: the major activity responsible for 
trimethylation of H3K36, Setd2 (also known as HYPB), is associated 
with the elongating form of RNA polymerase II (Yoh et al., 2008). 
Thus, reading of the H3K36me3 mark by Dnmt3a might account 
for the preponderance of gene body methylation in oocytes. Given 
these properties, it might be predicted that transcriptionally active 
genes, including intragenic CpG islands and gDMRs associated 
with inactive promoters, have the combination of histone modifica-
tions permissive for Dnmt3a:Dnmt3L engagement: unmethylated 
H3K4 and trimethylated H3K36 (Fig. 3). However, apart from one 
ChIP-Seq study in growing oocytes that has shown that CpG 
islands destined to become DNA methylated have reduced levels 
of H3K4me3 (Smallwood et al., 2011), the histone modification 
status of specific genes in oocytes is not known. The above model 
(which we have dealt with in greater detail elsewhere, Kelsey and 
Feil, 2013) will need to be tested by profiling histone modifications 
in growing oocytes and their dependence on transcription, which 
is challenging because of the amount of material required for re-
producible chromatin immunoprecipitation studies, or genetically 
by mutating the histone modifier activities involved.

Transcription as a means to coordinate DNA methylation 
with the control of oocyte growth

The implication that transcription controls where DNA methyla-
tion is deposited in the oocyte genome highlights promoter activity 
and the transcription factors that determine which promoters are 
active as having a major role in delineating where, and perhaps 
when, DNA methylation is laid down in oocytes. Interestingly, we 
found that many imprinted genes had alternative upstream pro-
moters active in oocytes and it was the activity of these upstream 
start sites that had the effect of placing the gDMRs within active 
transcription units to confer their methylation (Chotalia et al., 2009). 
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Further, by mRNA-Seq analysis we have found that 
there is a switch in apparent transcription start site 
use between fetal germ cells and growing oocytes 
in many imprinted genes, suggesting that these new 
promoters are induced by transcription factors that 
appear during follicle activation or oocyte growth. It 
will be important to formalise these observations by 
more refined mapping of transcription start sites and 
their changes during oocyte development and growth 
and the temporal relationship with methylation. As 
noted above, the onset of DNA methylation is known 
to differ between gDMRs (Lucifero et al., 2004; Hiura 
et al., 2006; Denomme et al., 2012), so one reason 
for this asynchrony could be the times at which tran-
scription events that traverse gDMRs are induced 
during oocyte growth. As an extension of this logic, 
the signalling pathways that transduce information 
from the granulosa cells that support oocyte growth 
could determine which genes become methylated 
by controlling specific sets of transcription factors. If 
this were the case, some gene-specific anomalies in 
oocyte methylation could arise through impairments 
in specific signalling:transcription factor pathways. It 
will be important to test this hypothesis to see whether 
ablating specific transcription factors and impairing the 
activation of specific transcription units leads to disrup-
tion of DNA methylation in a predictable, locus-specific 
fashion. Although not relating to a signalling pathway 
or transcription factor, the principle that locus-specific 
methylation defects can arise through compromised 
oocyte growth has recently been reported. Oocytes 
from mice deficient in connexin 37, which is required 
for the gap junctions between oocytes and granulosa 
cells, do not attain full size and fail to gain methylation 

oocytes suggested that gain of DNA methylation had little effect 
on the abundance of the associated transcripts (Smallwood et 
al., 2011). Similarly, there is very little difference in abundance in 
Dnmt3L-/- oocytes compared with control MII oocytes (Kobayashi 
et al., 2012). It is not excluded that there are more subtle changes 
in transcription start site use in oocytes lacking de novo methyla-
tion and that methylation may help to suppress cryptic promoters. 
However, it appears that most promoter silencing in oocytes is 
accomplished by lack of appropriate transcription factors rather 
than by DNA methylation. Gene body methylation appears to be 
a default mechanism rather than an active process regulating 
promoter activity.

As noted above, some of the DNA methylation established 
in oocytes does have a vitally important legacy in the embryo. 
Embryos conceived from Dnmt3a- or Dnmt3L-deficient oocytes 
develop apparently normally until embryonic day (e) 8, but die by 
e10 (Bourc’his et al., 2001; Hata et al., 2002; Kaneda et al., 2004). 
Their demise at this stage has been attributed to dysregulated 
expression of imprinted genes: without establishment of maternal 
gDMRs in oocytes, the correct monoallelic expression of most 
imprinted genes is disrupted, resulting in total loss of expression 
or loss of imprinted silencing, depending on the locus. But apart 
from imprinted genes, much gene-specific DNA methylation in 
oocytes could be considered a bystander effect of little functional 
significance, since this methylation becomes erased during the 

Dnmt3L
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Dnmt3a

H3K4me0

H3K36me3

H3K4me2/3 H3K36me0

Dnmt3L

Dnmt3a

Dnmt3L

Dnmt3a

Fig. 3. The de novo methyltransferase complex senses the modification state of 
histones. The scheme at the top depicts the Dnmt3a:Dnmt3L complex binding to the 
amino-terminal tail of histone H3 dependent on H3K4 being unmethylated and H3K36 
being trimethylated: the PWWP domain of Dnmt3a specifically binds with H3K36me3 
(Dhayalan et al., 2010). These interactions then enable methylation of cytosines on 
the associated DNA strand (yellow circles). Below, chromatin state non-permissive to 
Dnmt3a:Dnmt3L, owing to the presence of methylated H3K4, which inhibits binding of 
the PHD-like domains of Dnmt3a and Dnmt3L to the amino-terminal tail of H3 (Ooi et al., 
2007; Hu et al., 2009; Zhang et al., 2010), and the lack of H3K36 trimethylation. As noted 
in the text, the permissive H3K4me0 and H3K36me3 state may in part be determined 
by transcription events through the coupling of the relevant histone modifying activities 
with elongating RNA polymerase II. Additional histone modifications may influence the 
binding of Dnmt3a and Dnmt3L with chromatin.

of the Peg1 gDMR, whilst the Peg3 and Snrpn gDMRs are unaf-
fected (Denomme et al., 2012).

The role of DNA methylation in oocytes and its vulner-
ability to external factors

What is the role of DNA methylation in oocytes? Although this 
might seem a surprising question, now that we understand in 
greater detail where in the oocyte genome methylation is placed, it 
is a legitimate one to ask. It should be appreciated that germ cells 
become globally demethylated early in their specification (Guibert 
et al., 2012) and, in the case of the female germline, de novo 
methylation only commences late in the oocyte growth phase, so 
entry into meiosis, folliculogenesis and the early stages of growth 
are accomplished without the presence of significant DNA methyla-
tion (in gene bodies, CpG islands and many interspersed repeats). 
This suggests that DNA-methylation dependent gene silencing is 
largely dispensable for a great deal of oocyte development. Indeed, 
depriving oocytes of de novo methylation through genetic ablation 
of Dnmt3a or Dnmt3L appears to have no gross impact on oocyte 
development, maturation and competence (Bourc’his et al., 2001; 
Hata et al., 2002; Kaneda et al., 2004). It has also been shown 
that DNA methylation has a minimal impact on gene expression 
in oocytes. mRNA-Seq data comparing postnatal d10 growing 
oocytes at the onset of de novo methylation with fully grown GV 



Establishment of DNA methylation in oocytes    873 

first embryonic cleavage divisions (Smallwood et al., 2011; Smith 
et al., 2012). There seems to be a highly effective mechanism in 
the early embryo to ensure that DNA methylation of gDMRs is 
maintained, but all other gametic methylation is purged. The fidelity 
of this process depends largely upon maternal factors provided 
by the oocyte cytoplasm (e.g., Zfp57, Kap1, Tet3, Stella, Dnmt1o; 
as reviewed in Kelsey and Feil, 2013), but the selectivity is not 
fully understood. Whether there is the potential for transmission of 
DNA methylated states at genes or regulatory sequences beyond 
imprinted genes remains to be demonstrated.

The possibility of aberrant epigenetic marking of oocytes has 
been raised in a number of contexts: in relation to assisted repro-
duction technologies (ART); exposure to environmental toxins, 
such as the synthetic estrogen bisphenol A (Chao et al., 2012); 
or in response to maternal nutritional status. As discussed above, 
DNA methylation establishment is dynamically controlled during 
oocyte growth, it is regulated proximally by transcription events 
and, therefore, could be perturbed by any adverse conditions that 
alter the normal transcription programme of the growing oocyte. 
Evidence has been presented that children conceived through ART 
have an increased risk of premature birth, low birth weight and im-
printing disorders associated with aberrant methylation of specific 
gDMRs, although the magnitude of the risk remains a matter of 
continued debate (reviewed by Laprise, 2009). Epigenetic errors 
could occur during ART-associated procedures by a number of 
mechanisms relating to ovarian stimulation or embryo culture: by 
forcing oocytes to develop more rapidly than normal; by recruiting 
lower quality oocytes that would normally not ovulate from subfertile 
donors; or by altering the content of factors that accumulate in the 
oocyte that are necessary for the correct maintenance of gDMR 
methylation and epigenetic reprogramming in the preimplantation 
embryo. Although some studies have reported methylation changes 
in specific gDMRs in ART individuals who were not ascertained for 
an imprinted disorder (e.g., Gomes et al., 2009), other moderately 
sized studies that have screened multiple gDMRs have not found 
evidence for significantly greater variation in gDMR methylation in 
children conceived through ART compared with natural conception 
(Tierling et al., 2010; Rancourt et al., 2012). It is clear that there 
is a need for sufficiently large and probably longitudinal studies 
on cohorts of ART-conceived children, but differences in ART-
associated procedures between fertility clinics and inadequate 
sensitivity or reproducibility of some of the methylation assays 
employed may both contribute to the lack of consensus between 
reports at this time.

An effect of superovulation on gDMR methylation is now well 
documented in the mouse, at least when methylation is ascertained 
in preimplantation embryos (Market-Velker et al., 2010) or later 
stages. Both hypomethylation of gDMRs normally methylated in 
oocytes (Snrpn, Kcnq1ot1 and Peg3) and gain of methylation of 
gDMRs normally methylated in sperm (H19) have been observed. 
Single oocyte analysis showed that these effects do not originate 
as methylation errors in oocytes (Denomme et al., 2011), and the 
mosaic and stochastic nature of the methylation changes detected 
in embryos are more consistent with impaired maintenance dur-
ing early embryogenesis (de Waal et al., 2012), although another 
study did detect aberrant gain of methylation of the H19 gDMR in 
superovulated oocytes but normal methylation of three maternal 
gDMRs (Peg1, Kcnq1ot1 and Zac1; Sato et al., 2007). Gain of 
methylation of the H19 gDMR and incomplete methylation of the 

PEG1 gDMR in human GV and MI oocytes obtained after ovarian 
stimulation have been observed by single oocyte analysis, but that 
report lacked the strict control of unstimulated oocytes ascertained 
by the same method (Sato et al., 2007).

Concluding remarks

The past couple of years have revolutionised our knowledge 
of DNA methylation in oocytes. From next generation sequencing 
mapping of DNA methylation and functional studies in the mouse, 
we now have very detailed information about the distribution of 
methylation in the oocyte genome and a good molecular understand-
ing of the processes that confer methylation. These advances have 
highlighted transcription as a major determinant of DNA methylation, 
most likely by generating a chromatin state permissive for DNA 
methyltransferase activity. This brings new perspectives about how 
DNA methylation of individual genes may be coordinated by the 
events that control oocyte growth, acting both within the oocyte 
and from supporting somatic cells. We have also learnt that most 
DNA methylation in oocytes may be dispensable and is probably 
only required to mark a subset of genes for activity in the embryo, 
such as imprinted genes. More work is needed to understand the 
extent to which the oocyte epigenome is susceptible to procedures 
used in ART, can be modified by diet, or harmed by environmental 
factors, and what the long term consequences of such effects are. 
We have just begun to develop the tools that allow us to acquire 
high resolution, quantitative information on DNA methylation from 
small numbers of oocytes, but there is a continued need for further 
developments, for example, single oocyte analysis, and many 
other types of molecular analyses will continue to be a challenge.
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