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The specification of imprints in mammals

CW Hanna1 and G Kelsey1,2

At the heart of genomic imprinting in mammals are imprinting control regions (ICRs), which are the discrete genetic elements
that confer imprinted monoallelic expression to several genes in imprinted gene clusters. A characteristic of the known ICRs is
that they acquire different epigenetic states, exemplified by differences in DNA methylation, in the sperm and egg, and these
imprint marks remain on the sperm- and oocyte-derived alleles into the next generation as a lifelong memory of parental origin.
Although there has been much focus on gametic marking of ICRs as the point of imprint specification, recent mechanistic
studies and genome-wide DNA methylation profiling do not support the existence of a specific imprinting machinery in germ
cells. Rather, ICRs are part of more widespread methylation events that occur during gametogenesis. Instead, a decisive
component in the specification of imprints is the choice of which sites of gamete-derived methylation to maintain in the zygote
and preimplantation embryo at a time when much of the remainder of the genome is being demethylated. Among the factors
involved in this selection, the zinc-finger protein Zfp57 can be regarded as an imprint-specific, sequence-specific DNA binding
factor responsible for maintaining methylation at most ICRs. The recent insights into the balance of gametic and zygotic
contributions to imprint specification should help understand mechanistic opportunities and constraints on the evolution of
imprinting in mammals.
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INTRODUCTION

Genomic imprinting in mammals provides the classic example of
lifelong epigenetic memory of parental origin (Ferguson-Smith,
2011). One hundred and fifty imprinted genes have been identified
in mammals so far (Williamson et al., 2013). Although these genes
have diverse functions in mammalian development, growth, physio-
logy and behaviour, an underlying assumption is that their imprinting
depends upon a common mechanism that marks them differentially
in the male and female germline and perpetuates this epigenetic
difference in the next generation (Kelsey and Feil, 2013). Many
imprinted genes are found in clusters (Wan and Bartolomei, 2008;
Ferguson-Smith, 2011) and the correct imprinted expression of all the
genes in a cluster depends on the existence and appropriate epigenetic
marking of a discrete genetic element, the imprinting control region
(ICR). These are the critical elements, so much of the following
discussion will focus on the properties of ICRs, what leads them to
become epigenetically distinguished in the sperm and egg and how
such epigenetic asymmetry is maintained after fertilisation (Proudhon
et al., 2012). We also consider how imprint marks figure in the wider
epigenetic landscape of the gametes and the recent evidence that
specification of imprints depends in a major way on events after
fertilisation. We hope this provides a backdrop against which to
consider the possible mechanistic constraints on and opportunities
for the evolution of imprinted loci. We should point out that most of
what follows relates to what we know about in the mouse. Certainly,
the general properties of imprinted gene clusters and their regulation
is conserved between mouse and human (Ferguson-Smith, 2011) and
in the few other eutherian mammals in which imprinted genes have
started to be characterised; however, the current knowledge of DNA
methylation dynamics in the germline and the mechanisms of imprint

establishment and maintenance stems largely from work in the
mouse. It will be an important future goal to assess the degree to
which the mouse as a model organism is representative of other
mammalian species in these regards.

EPIGENETIC PROPERTIES OF IMPRINTED GENES

Imprinted, parent-allele-specific expression in eutherian mammals is
dependent on the existence of epigenetic differences between the two
parental alleles that allow them to be transcribed differently in the
same nucleus. In many cases, this equates to complete silencing of one
allele of an imprinted gene. These epigenetic differences are conferred
in the gametes, or very early in embryogenesis, and, in general, will
remain with and distinguish the parentally-derived alleles for the
lifetime of the individual (Kelsey and Feil, 2013). However, while
gamete-specific epigenetic marks are fundamental to imprinting, it is
important to recognise that not all imprinted genes are regulated in
the same way, and it may be useful to think of genes that are
controlled ‘directly’ and ‘indirectly’ by the primary imprint marks.
This distinction is most pertinent in imprinted gene clusters (Wan
and Bartolomei, 2008; Ferguson-Smith, 2011), in which only one gene
or genetic element carries the primary imprint mark and is thus
directly imprinted—this element corresponds to the ICR—whereas
the imprinted expression of the remaining genes in a cluster can be
considered to be indirect, as it depends on the existence of the
primary epigenetic mark at the ICR (Figure 1).

One characteristic of ICRs is the profound difference in DNA
methylation on the maternally- and paternally-derived copies;
one copy being highly methylated and the other unmethylated
(Smallwood and Kelsey, 2012; Tomizawa et al., 2011). This methyla-
tion difference can be traced back to the sperm and egg, hence the
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term gametic or germline differentially methylated region (gDMR).
(The term ICR is more properly reserved for those gDMRs that have
been functionally demonstrated, either through targeted mutagenesis
in the mouse or the occurrence of mutations in imprinted gene
syndromes, to control imprinted expression in cis of several genes in a
cluster.) Allele-specific methylation at the ICR controls the properties
of the element: for instance, the methylated copy may promote,
whereas the unmethylated copy represses, expression of the genes in
the cluster. There are a variety of mechanisms by which ICRs set up
and maintain the allelic regulation of the clusters they control: the
precise details do not really concern us and we do not intend to
catalogue all possible mechanisms, which have been reviewed else-
where (Wan and Bartolomei, 2008; Ferguson-Smith, 2011). One
illustrative example is provided by the Igf2r cluster (Figure 1b), in
which the ICR is methylated on the maternal allele and coincides with
a promoter for a non-coding transcript, Airn. It is the Airn non-
coding transcript, or the process of monoallelic transcription
initiating from the ICR, that gives rise to monoallelic expression of
the remaining genes in the cluster by silencing genes in cis. The
process initiating from the ICR sets up additional parental allele
epigenetic differences in the cluster, such as ‘secondary’ DMRs or
allele-specific histone modifications, that determine monoallelic
expression at the individual loci, and these secondary differences
can themselves become stably propagated and may even be
maintained if differential methylation at the ICR is lost later in
development (Lewis et al., 2004). Outside of the extensive imprinted
clusters, there are also smaller, much simpler clusters as well as
‘singleton’ imprinted genes. Monoallelic expression of these genes also
depends upon allelic epigenetic differences, but the mechanisms may
be more direct, for example, the presence of a gDMR directly
overlying the imprinted gene promoter (Figure 1a). Although gDMRs
are found in almost all imprinted gene clusters and singleton
imprinted genes, it is conceivable that there are imprinted loci whose
monoallelic expression is truly independent of DNA methylation,
reflecting other possible allelic epigenetic asymmetries inherited from
the gametes or conferred in the early embryo.

THE DEVELOPMENTAL DYNAMICS OF DNA METHYLATION

At the present time, some 20 gDMRs at imprinted loci have been
identified in the mouse whose methylation originates in the egg and 3
whose methylation originates in the sperm (Tomizawa et al., 2011;

Proudhon et al., 2012). This disparity might suggest fundamentally
different mechanisms by which DNA methylation marks are estab-
lished in the male and female germlines and/or differences in how
oocyte- and sperm-derived methylation is treated after fertilisation in
the zygote. At a molecular level too, there appear to be differences
between maternal gDMRs and paternal gDMRs: maternal gDMRs can
be considered to be differentially methylated CpG islands overlapping
a promoter for a coding or non-coding transcript (the majority of
genes in the genome possess a CpG island at their transcription start
site, which is usually unmethylated), while paternal gDMRs are
CG-rich elements, which may not fit the definition of CpG islands,
and are located intergenically (Kobayashi et al., 2006; Schulz et al.,
2010).

It is important to consider the marking of gDMRs in relation to the
global changes in DNA methylation that occur across the genome
during germ cell specification, gametogenesis and within the embryo
after fertilisation. In mammals, germ cells arise in the gastrulating
embryo from a small number of somatic cells (in the mouse, this
occurs from embryonic day 6, e6). Concomitant with germ cell
specification and proliferation are extensive changes in the epigenetic
state of these cells. There is almost wholesale removal of pre-existing
DNA methylation such that, soon after primordial germ cells (PGCs)
have migrated to the genital ridge (from e10.5), DNA methylation is
reduced to a very low level throughout the genome (Seisenberger
et al., 2012). This includes the erasure of imprints, so that the
differences in methylation between the parental alleles are eliminated.
Loss of DNA methylation is likely to occur by a combination of
‘passive’ (dilution with repeated rounds of DNA replication, because
factors required to maintain methylation are absent or repressed)
and ‘active’ processes (including oxidation of 5-methylcytosine to
5-hydroxymethycytosine and further derivatives by the action of
enzymes of the Tet family) (Hackett et al., 2013; Yamaguchi et al.,
2013).

The re-establishment of DNA methylation in germ cells occurs at
different times in development and in different cellular contexts in the
male and female gonads (Sasaki and Matsui, 2008; Smallwood and
Kelsey, 2012). In the male gonad, de novo DNA methylation, including
the three known paternally methylated gDMRs, initiates around e13.5
in germ cells arrested in mitosis (known as prospermatogonia) and is
largely complete by e17.5 (Davis et al., 2000; Seissenberger et al.,
2012). De novo methylation occurs before male germ cells undergo

Figure 1 Examples of directly and indirectly regulated imprinted regions. Schematic representation of the (a) Peg3 imprinted gene on chromosome 7 and

(b) the Igf2r imprinted cluster on chromosome 17. The expression status of the genes on the maternal and paternal alleles is illustrated; active promoters

are represented by horizontal arrows. (a) The differentially methylated ICR established during germ cell development is located at the promoter of the Peg3

gene and directly regulates the monoallelic transcription of this gene. (b) The maternally methylated ICR indirectly regulates the monoallelic expression of

the adjacent genes at this locus, partially mediated by the monoallelic methylation acquired at the nearby secondary DMR at the Igf2r promoter.
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meiosis and, moreover, multiple cell divisions occur between the
onset of methylation and formation of mature sperm. Therefore,
faithful maintenance of methylation marks is required during
spermatogonial stem cell division and renewal and the further rounds
of DNA replication before and after meiosis. In the female gonad,
PGCs enter meiosis from e13.5 and arrest in prophase 1, in which
state they remain until maturation and ovulation. De novo DNA
methylation occurs in meiotically arrested cells and no further DNA
replication takes place between the onset of methylation and forma-
tion of the mature gamete. De novo methylation initiates after
activation of follicles and during the later stages of oocyte growth
in the postnatal ovary—in the mouse, around the transition from the
primary to secondary follicle—and is completed by the time oocytes
are fully grown and enter the transcriptionally quiescent, germinal
vesicle (GV) stage (Smallwood et al., 2011; Shirane et al., 2013). There
is evidence for oocyte-size-dependent initiation and progression of
methylation of maternal gDMRs, suggesting that different factors
influence the timing of establishment of imprints at different loci
(Lucifero et al., 2004; Hiura et al., 2006).

THE DE NOVO DNA METHYLATION MACHINERY

There are two de novo DNA methylation enzymes in mammals—
Dnmt3a and Dnmt3b—that are able to methylate cytosines, pre-
dominantly but not exclusively at CpG dinucleotides, in unmethy-
lated DNA, and these are the activities responsible for setting up
imprints. A third enzyme, Dnmt1, is the ‘maintenance’ enzyme
responsible for copying DNA methylation onto the nascent DNA
strand at ‘hemimethylated’ sites that have arisen from symmetrically
methylated CpG dinucleotides during DNA replication. Together with
other factors, Dnmt1 is required for faithful maintenance of
methylation at DMRs during the later stages of spermatogenesis as
well as in the embryo after fertilisation. Dnmt1 also has a subsidiary
role in completing de novo methylation in oocytes by filling in gaps
(hemimethylated CpG sites) left by Dnmt3a (Shirane et al., 2013).
There is a third member of the Dnmt3 family, Dnmt3L (Bourc’his
et al., 2001; Hata et al., 2002). Dnmt3L lacks DNA methyltransferase
activity, but forms complexes with Dnmt3a and Dnmt3b, modulating
their activity and attenuating their intrinsic sequence preferences
(Wienholz et al., 2010). In oocytes in the mouse, Dnmt3a is the only
de novo activity (Kaneda et al., 2004 and 2010), but it has an obligate
requirement for Dnmt3L (Smallwood et al., 2011; Kobayashi et al.,
2012; Shirane et al., 2013). In mouse male germ cells, Dnmt3a and
Dnmt3b both contribute to de novo methylation in combination with
Dnmt3L (Kato et al., 2007). Although often referred to as being
‘essential for imprints in oocytes’, which has given rise to the
impression that Dnmt3L is specific for imprinted sequences and
some repetitive elements, and particularly as it has no orthologues
outside of the mammalian lineage, it is now apparent that Dnmt3L is
a generic factor and required for all de novo methylation in oocytes
(Smallwood et al., 2011; Kobayashi et al., 2012; Shirane et al., 2013).

Although Dnmt3a and Dnmt3L are essential for de novo methyla-
tion in oocytes, they are dispensable for oocyte development and
viability. The majority of DNA methylation is put in place late in
oocyte growth, such that entry into meiosis, chromosome pairing and
synapsis occur on a largely hypomethylated genome. There is also no
obvious impact of DNA methylation on gene transcription
(Kobayashi et al., 2012). However, while Dnmt3a- and Dnmt3L-
deficient oocytes appear to be unimpaired and can be fertilised
normally, they cannot support embryonic development beyond e10.5
(Kaneda et al., 2004). To a large extent, this is because of the absence
of maternally-derived imprints, although abnormal expression of

non-imprinted genes could also contribute to the failure of such
conceptuses. Therefore, it appears that the functional relevance of de
novo methylation in oocytes is primarily to ensure that maternal
gDMRs acquire methylation, although much more of the genome
becomes methylated. In male germ cells, in contrast, failure of de novo
methylation has a devastating effect. Dnmt3L, which is expressed only
in prospermatogonia, is required to assist Dnmt3a and Dnmt3b in the
methylation and silencing of retrotransposons (long interspersed
nuclear elements, LINEs, and intra-cisternal A particles, IAPs) in
addition to imprints (Bourc’his and Bestor, 2004; Kato et al., 2007).
Deficiency of Dnmt3L gives rise to subsequent meiotic failure in
spermatocytes, characterised by multiple non-homologous synapses,
suggesting a role of Dnmt3L in pre-meiotic genome scanning that
results in methylation of interspersed repeats. (In the female germline,
retrotransposon silencing is accomplished by multiple other mechan-
isms operating at different stages during oocyte development and
growth, Lim et al., 2013). As such, imprinted gDMRs rely on the same
machinery as that required for genome defence, but it need not follow
that imprinting arose from a genome defence mechanism in
mammals; it rather depends on how imprinted gDMRs fit within
the wider DNA methylation landscape of the gametes.

IMPRINTS IN GAMETES: A TARGETED OR A DEFAULT

PROCESS?

Until recently, there was a general assumption that imprints (ICRs,
gDMRs) were specialised sequence elements that would be recognised
by specific trans-acting factors that would target the de novo
methylation machinery during gametogenesis. To some extent, this
concept arose with the proposition that imprinting evolved from a
genome defence mechanism (Sleutels and Barlow, 2002), which was
supported by early observations of similarities between imprinted
loci, transgenes displaying imprinted behaviour and repetitive ele-
ments, owing to the common presence of reiterated sequence motifs
(Neumann et al., 1995). Recent work has led to a revision of this
hypothesis in favour of the conclusion that DMRs become methylated
in germ cells as part of a more universal DNA methylation
mechanism. This is important, because it means that we can probably
dispense with the notion that a specific imprinting machinery
operates in the germline.

As noted before, maternal gDMRs are CpG islands and associated
with promoters; the three known paternal gDMRs are CG-rich
elements enriched in reiterated sequences and intergenic in location
(Schulz et al., 2010). This apparent distinction may well reflect the
general distribution of DNA methylation in the gametes rather than
the existence of distinct mechanisms acting specifically on gDMRs in
the male and female germlines. The intragenic location of many
maternal gDMRs led to the proposal that transcription would be
required for de novo methylation in oocytes; for example, the first
gDMR/ICR identified, in the Igf2r locus, is within an intron of the
gene, a relatively unusual location for a CpG island (Stöger et al.,
1993). This possibility was also suggested by the discovery of
‘imprinted retrogenes’. Several imprinted retrogenes, such as U2af1-
rs1 and Nap1l5, have integrated into the introns of larger transcrip-
tion units and have their own maternal gDMRs, their intragenic
location seeming to be a characteristic (Smith et al., 2003; Wood et al.,
2007). A role for transcription in gDMR methylation in oocytes has
now been demonstrated genetically for the Gnas and SNRPN
imprinted loci (Chotalia et al., 2009; Smith et al., 2011); in many
cases, the transcription events required for gDMR methylation appear
to initiate from upstream, oocyte-specific promoters.
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These findings raised the possibility that gDMR marking was
actually part of a more widespread mechanism and that other CpG
islands should become methylated if they were located within active
transcription units in oocytes. This prediction was confirmed by
profiling DNA methylation of a large number of CpG islands in
non-growing and GV oocytes, which identified 41000 de novo
methylated CpG islands, the majority of which map within genes
(Smallwood et al., 2011). This subset of methylated CpG islands in the
maternal germline contrasts with the broader observation that
promoter-associated CpG islands were largely unmethylated, which
is thought to be at least partially mediated by active chromatin marks
associated with promoter activity, such as trimethylation of lysine 4
on histone 3 (H3K4me3). Moreover, there were no apparent
discriminating sequence features of the methylated CpG islands in
comparison with unmethylated CpG islands. Most of these CpG
islands lost methylation after fertilisation suggesting that there is a
generic mechanism of de novo methylation in oocytes, of which
gDMRs are a part, and that the specification of imprinting occurs
after fertilisation with the decision at which CpG islands to maintain
gamete-derived methylation.

It is likely that a greater diversity of mechanisms of de novo
methylation operate in male germ cells, because both Dnmt3a and
Dnmt3b are active and have partially redundant functions as well as
preferences for different sets of sequence elements. Dnmt3L appears
to be an essential co-factor, as lack of Dnmt3L in male germ cells has
a greater effect than ablation of either Dnmt3a or Dnmt3b (Bourc’his
and Bestor 2004; Kato et al., 2007). It is possible that there is a
transcription-based mechanism by which the Dnmt3a/Dnmt3L com-
plex is recruited, analogous to that in oocytes, because transcripts
traversing some of the paternal gDMRs have been detected in
prospermatogonia (Henckel et al., 2011; Singh et al., 2013). It will
be important to consider the context of gDMRs in the methylation
landscape of mature sperm and whether they are methylated as part
of a generic mechanism(s), as appears to be the case in the female
germline. For one of the paternal gDMRs, Rasgrf1, both Dnmt3a and
Dnmt3b participate in methylation in a mechanism that also involves
piRNAs, a specific class of small non-coding RNA molecules involved
in gene repression, particularly of retrotransposon-derived sequences.
The methylation of this gDMR appears to occur because it contains a
copy of a solo long terminal repeat-type retrotransposon for which a
closely related element is located in a piRNA cluster on another
chromosome (Watanabe et al., 2011). piRNAs have been implicated as
guides in de novo methylation of transposable elements in male germ
cells, although the underlying mechanism is unclear, demonstrating
that some incidences of imprinting utilise components of a genome
defence mechanism (Aravin and Bourc’his, 2008)

THE METHYLATION LANDSCAPES OF THE GAMETES

Recent whole-genome methylation profiling has revealed in exquisite
detail the methylation landscapes of the gametes and the extent of the
differences between oocyte and sperm that exist up to the point of
fertilisation (Kobayashi et al., 2012; Erkek et al., 2013; Shirane et al.,
2013). This knowledge has also generated new insights into the
mechanisms of de novo methylation with implications for imprinting.
With the exception of some CG-rich components of interspersed
repeats that escape reprogramming in PGCs, the entire methylation
landscape in oocytes is established de novo in the later stages of oocyte
growth (Kobayashi et al., 2012; Shirane et al., 2013). In the male
germline, de novo methylation may progress from its onset in pre-
meiotic prospermatogonia across multiple cell divisions until sper-
miogenesis; the details of the progression in methylation across the

genome remain to be elucidated. Ultimately, the sperm genome is
more highly methylated than the oocyte genome; more accurately
put, the distribution of methylation differs. In mature sperm, the
genome is almost universally hypermethylated, with the notable
exceptions of CpG islands, most of which remain unmethylated
(Kobayashi et al., 2012; Erkek et al., 2013). In oocytes, in contrast,
DNA methylation appears largely to be confined to active gene bodies,
and this has clear resonance with the finding that the gDMRs of
imprinted genes require transcription events for de novo methylation
in oocytes (Chotalia et al., 2009). By this analysis, about half of the
genome is differentially methylated between sperm and oocyte, so
the potential for imprinting extends over a substantial fraction of the
genome. Put another way, maternal gDMRs are among a class of CpG
islands that are located within transcription-associated methylated
domains in oocytes (about 6% of all CpG islands; Smallwood et al.,
2011), but are unmethylated in sperm owing to the widespread
hypomethylation of CpG islands. Paternal gDMRs are methylated in
sperm because they are within the almost universal hypermethylated
compartment of the sperm genome, but the corresponding regions in
oocytes are within hypomethylated domains. These observations
focus attention on how gamete-derived methylation is processed after
fertilisation as being the basis for imprint specification.

SELECTION OF IMPRINTS AFTER FERTILISATION

The genome experiences wholesale epigenetic upheaval after fertilisa-
tion and during preimplantation development, a phenomenon known
as reprogramming. The mechanisms responsible for reprogramming
of DNA methylation are likely to be complex and involve a
combination of ‘active’ and ‘passive’ processes, but are not yet fully
understood. Moreover, oocyte- and sperm-derived genomes are
subject to different demethylation regimes. Passive demethylation
refers to the dilution of methylation at symmetric CpG sites because
of failure to reinstate methylation on the nascent DNA strand at DNA
replication owing to absence of the maintenance DNA methyltrans-
ferase Dnmt1. It is thought that demethylation of the oocyte-derived
genome from the two-cell stage onwards can be accounted for largely
by this passive route. The sperm-derived genome undergoes a more
precipitate decline in methylation that is evident in the zygote even
before pronuclear fusion (Santos et al., 2002). This early loss of
methylation is an active process; subsequent reduction in methylation
can be achieved passively. The mechanisms responsible for active
demethylation of the sperm-derived genome are still hotly debated.
It is clear that oxidation of 5-methylcytosine to 5-hydroxy-
methylcytosine and further oxidation derivatives by the Tet3 enzyme
is involved (Gu et al., 2011); complete removal of modified cytosine
then requires activities of the base-excision repair pathway (Santos
et al., 2013). However, there is evidence that the very first phase of
active demethylation in the zygote is accomplished by another
mechanism(s), the details of which remain to be elucidated (Santos
et al., 2013). The lowest point in DNA methylation is attained by the
time of blastocyst formation. Thereafter, de novo methylation takes
place in a cell lineage-specific fashion (for example, the inner cell mass
of the mouse blastocyst gaining methylation in advance of the
trophectoderm) with both parental genomes being treated equally
(Smith et al., 2012).

Imprinted genes are among the exceptions to these genome-wide
demethylation events. Both maternal and paternal gDMRs require the
presence of Dnmt1 for the maintenance of methylation (Howell et al.,
2001; Hirasawa et al., 2008), suggesting the existence of factors that
can selectively target Dnmt1 to DMRs. In addition, factors are
necessary to prevent erasure of methylation of gDMRs, and different

Specification of imprints
CW Hanna and G Kelsey

179

Heredity



factors may be involved in protecting sperm-derived gDMRs in the
zygote, and in protecting sperm- and oocyte-derived gDMRs from
passive demethylation. One critical protein is PGC7 (also known as
Stella and Dppa3). PGC7-null zygotes lose methylation at a selection
of oocyte- and sperm-derived gDMRs (Nakamura et al., 2007).
PGC7 is required to protect the maternal genome in the zygote
against Tet3-dependent oxidation of 5-methylcytosine (Wossidlo
et al., 2011); its targeting to specific sites in the maternal genome
appears to rely on binding to histone 3 dimethylated at lysine 9
(H3K9me2) (Nakamura et al., 2012).

The selection to maintain methylation in the embryo is especially
evident at the CpG islands that were methylated in gametes. Given
that B2000 CpG islands are differentially methylated between the
oocyte and sperm (Smallwood et al., 2011; Kobayashi et al., 2012), but
a much smaller number (20–30) of gDMRs maintain allele-specific
methylation after fertilisation and throughout life, there must be an
effective, regulated and highly specific process by which imprints are
selected in the early embryo. It has recently been shown that the
process of selection and protection does involve a sequence-specific
DNA binding factor, Zfp57, so that Zfp57 could be claimed to be a
truly ‘imprint-specific’ factor (Figure 2). Zfp57 is a Krüppel-
associated box-containing zinc-finger protein whose involvement in
imprinting was identified through genetic experiments in mice
(Li et al., 2008) and from cases of the human imprinting disorder
6q24 transient neonatal diabetes mellitus that presented with loss of
methylation at multiple imprinted loci (Mackay et al., 2008).
Subsequently, it has been shown in embryonic stem cells that Zfp57
binds a hexanucleotide sequence found within all gDMRs, but only
binds when the hexamer is methylated at the central CpG, and that
ablation of Zfp57 causes loss of methylation of gDMRs (Quenneville
et al., 2011). Zfp57 interacts with the multifunctional Kap1 repressor
protein (also known as Trim28, Tif1b), which appears to act as a
scaffold for other epigenetic modifying factors at the gDMR,
including Dnmt1, its auxiliary factor Uhrf1/Np95, and the H3K9
methyltransferase Setdb1. In fact, Zfp57 binds hemimethylated DNA
(Liu et al., 2012), so it seems to act as a lynchpin for the recruitment
of the Kap1 complex to ensure post-replicative maintenance of DNA
methylation and the reinstatement of the repressive histone modifica-
tion H3K9me3 at gDMRs. Oocyte-derived Kap1 is essential for the
maintenance of imprinted DMR methylation in the single-cell
embryo before it is provided at zygotic genome activation

(Messerschmidt et al., 2012). Therefore, the Zfp57:Kap1 complex
may be one of the factors needed to target Dnmt1 to gDMRs at a time
when it is largely excluded from the nucleus in the zygote and early
preimplantation stages. Human and mouse Zfp57 are functionally
interchangeable (Takikawa et al., 2013), but the possibility of partial
redundancy is suggested by the fact that not all gDMRs are equally
affected in human patients with ZFP57 mutations (Boonen et al.,
2013). Zfp57 is part of the large superfamily of Krüppel-associated
box-containing-zinc-finger proteins in mammals, so it is conceivable
that other members of this family are involved in the maintenance of
epigenetic states of gDMRs at later developmental stages or in tissues
in which Zfp57 is no longer expressed. Additional factors, aside from
the Zfp57:Kap1 complex, may contribute to gDMR methylation
maintenance during the critical stages of preimplantation methylation
reprogramming, but the extent to which they are specific for
imprinted gDMRs is unclear.

An intriguing class of proteins required for imprinted methylation
are members of the NLRP (nucleotide-binding oligomerisation
domain, leucine-rich repeat and pyrin domain containing protein)
family. Although this protein family is known for its role in innate
immunity, several NLRP proteins are highly expressed in oocytes, are
required for progression beyond the two-cell stage and define a sub-
family of reproduction-related NLPRs that appear to have evolved
rapidly in mammals (Tian et al., 2009). In humans, maternal-effect
mutations in NLRP7 have been identified as a cause of biparental
hydatidiform mole (Murdoch et al., 2006). Biparental hydatidiform
moles are conceptuses that adopt an androgenetic-like pathology
of excessive proliferation of extraembryonic trophoblast; although
biparental, they are deficient in methylation at many or all maternal
DMRs, with sperm-derived gDMRs apparently unaffected. Mutations
have also been reported in NLRP2 as a cause of loss of methylation of
the KvDMR in a Beckwith—Wiedemann syndrome kindred (Meyer
et al., 2009), whereas in additional cases of biparental hydatidiform
mole mutations have been found in C6orf221 (Parry et al., 2011).
Although uncharacterised, the C6orf221 protein may interact in the
same complex as NLRP7 or NLRP2. How a NLRP7/NLRP2/
C6orf221-containing complex is involved in DNA methylation events
is rather obscure at this time, and it has not been possible to conclude
whether they have a role in establishment of methylation states in
oocytes or faithful maintenance in preimplantation embryos. It is
intriguing that these proteins could be involved in the formation of

Figure 2 Factors involved in the maintenance of DNA methylation at imprinting control regions (ICRs) during early embryonic development. In the

preimplantation embryo, the parental alleles of ICRs are bound by specific complexes to maintain their differential methylation status during the genome-

wide epigenetic reprogramming. (a) The unmethylated ICR has the properties typical of a CpG island. It coincides with an expressed promoter and is,

therefore, associated with the RNA polymerase II (pol II) complex. Unmethylated CpG sites are bound by the Cfp1 protein, which recruits the Set1 complex

to trimethylate H3K4 which, in turn, reinforces the DNA hypomethylated state, as methylated H3K4 is antagonistic to binding of Dnmt3a/Dnmt3L.
Protection against de novo DNA methylation of the unmethylated ICR allele could, therefore, be accomplished by generic factors acting at CpG islands,

rather than imprint-specific factors. (b) The methylated ICR is bound by the Zfp57:Kap1 complex and Uhrf1 to direct the action of Dnmt1; the complex

also interacts with the Setdb1 methyltransferase, which deposits the repressive histone modification H3K9me3. In addition, recognition of H3K9me2 by the

PGC7/Stella protein may protect against demethylation in the zygote. Maintenance of DNA methylation at an ICR, therefore, involves the interplay between

the imprint-specific factor Zfp57 and generic factors, such as Dnmt1.
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structural components of the oocyte cytoplasm (Li et al., 2008). It is
possible that this complex ensures the correct localisation or nuclear
translocation of the factors required for controlling DNA methylation
events in the zygote or early cleavage embryo. Alternatively, NLRP7
and associated proteins may directly interact with DNA binding and
DNA methylation modifying factors, such as YY1 (Mahadevan et al.,
2013). Although the focus of the effects of these factors has been very
much on imprinted gDMRs, they might have a wider role, as methyl-
ation anomalies at non-imprinted loci have been identified in a patient
from a mother carrying an NLRP7 mutation (Beygo et al., 2013).

As well as ensuring the maintenance of gamete-derived methylation
of one parental allele, selection for imprinting necessarily also involves
the protection from gain of methylation of the opposing
allele, particularly during developmental phases in which de novo
methy-lation is most active. As the default state of a CpG island
is hypomethylation, particularly for CpG islands associated with
transcription start sites, and hypomethylated CpG islands are thought
to be bound by multiple factors that provide a chromatin environ-
ment hostile to DNA methylation (such as methylated H3K4)
(Blackledge and Klose, 2011; Deaton and Bird, 2011), it might be
considered that protection against de novo methylation of the
unmethylated copy could be accomplished by generic rather than
imprint-specific protection factors (Figure 2). However, the situation
might be more complex, with the identification of ‘transient’ gDMRs.
These are CpG islands that were methylated specifically in oocytes and
protected during early embryogenesis by Zfp57 binding, but whose
paternal allele gains methylation after implantation (Proudhon et al.,
2012). This propensity to gain methylation may suggest that these
elements are not conventional CpG islands, for example, in relation to
their location within genes. Such transient DMRs may be associated
with parental-allele-specific or skewed allelic expression early in
embryogenesis, but there is also evidence that they can give rise to
stable imprinting of linked genes, although the DMRs themselves lose
monoallelic methylation during embryogenesis (Duffié et al., 2014).

CONSERVATION OF IMPRINTING

As mentioned above, most of what we know about methylation
landscapes and dynamics in germ cells and preimplantation embryos
comes from studies done in the mouse. The assumption has been that
the principles established in the mouse will be conserved across the
eutherian lineage. Although the DNA methylation landscape of the
oocyte is known so far only in the mouse, aside from an early report
on the human SNRPN DMR (El-Maarri et al., 2001), the few DMRs
tested in human oocytes or those from other mammals (for example,
bovine) have shown the expected gametic methylation pattern (Geuns
et al., 2003, 2007a,b; El Hajj et al., 2011; Heinzmann et al., 2011;
O’Doherty et al., 2012). It is also the case that the methylation
maintenance factor Zfp57 is required for DMR methylation in both
mouse and human (Li et al., 2008; Mackay et al., 2008). On the other
hand, there are substantial differences among mammals in epigenetic
and gene regulation mechanisms, particularly in the early preimplan-
tation development period. For example, the mouse is relatively
unusual in having zygotic genome activation at the two-cell stage, in
comparison with many other mammals (eight-cell stage); mouse, but
not human, has imprinted X-inactivation in extraembryonic tissues,
and this imprinted phase is present prior to blastocyst formation
(Patrat et al., 2009); the degree of methylation reprogramming and
the contributions of active and passive processes may differ among
mammalian species (Beaujean et al., 2004). Therefore, it should not
be discounted that there could be differences in mechanisms and
perhaps timing of imprint establishment among mammals.

MECHANISTIC OPPORTUNITIES FOR THE EVOLUTION OF

NEW IMPRINTED GENES

With the new knowledge of the DNA methylation landscapes of the
gametes, insights into the mechanisms responsible for de novo DNA
methylation, and recognition of the importance of post-zygotic events
for selecting and maintaining gDMR methylation, we can envisage a
number of scenarios by which new imprinted genes could arise and
which could contribute to species-specific imprinting. The guiding
principle is that the opportunity to imprint is provided by differential
methylation in the gametes, from which the selection for imprinting is
made in the embryo. New opportunities to imprint could arise from
alterations in the DNA methylation landscape in the oocyte or sperm,
within a species or between species. As we have seen, DNA
methylation in the oocyte is driven primarily by transcription events;
consequently, activation of new transcription units or recruitment of
new promoters would be predicted to create new hypermethylated
domains, which could include new intragenic, methylated CpG
islands. If such a CpG island contained a motif recognised by
Zfp57, the new methylated state would provide the opportunity to
maintain methylation allele-specifically in the embryo as a potential
new gDMR. (The assumption here is that the default state of the CpG
island in sperm is hypomethylation and that, as a CpG island, generic
factors would tend to maintain the hypomethylated state of the
paternally-derived allele in the embryo.) Comparative methylation
and transcriptome analysis of oocytes would be useful in identifying
whether this has taken place in the mammalian lineage. Imprinted
retrogenes may have arisen by a related mechanism: retrotrans-
position events, that include CG-rich elements, into active transcrip-
tion units may constitute the origin of new intragenic methylated
CpG islands (Wood et al., 2007). Again, presence of Zfp57-motifs
would be required to ensure retention of gamete-derived methylation
in the embryo. Comparative analysis in multiple species of retro-
transposition events in relation to transcription units active in oocytes
and distribution of Zfp57 binding motifs would help test this
prediction.

Returning to the notion of directly and indirectly imprinted genes,
it is interesting to consider implications for the ‘speed’ of evolution of
imprinting at individual loci. It is possible that directly imprinted
genes (Figure 1a) acquire imprinted monoallelic expression in a single
step. For example, if a new methylated CpG island emerged as a result
of an altered transcription unit in oocytes or from a retrotransposi-
tion event, the expectation is that there would be an immediate,
absolute difference in methylation of the two parental alleles in
resulting offspring (providing Zfp57 binding sites are present). In fact,
for such events, it is more difficult to conceive how differential
gametic methylation could arise gradually over generations. A
consequence would be that any promoter associated with the newly
methylated CpG island would be monoallelically expressed, and the
yield of transcript from that promoter would be half of the non-
imprinted state. For a dosage-sensitive protein-coding gene, this is
more likely to be sustainable if the new gDMR did not overlie the sole
promoter (many genes have multiple promoters)—further evolution
of the contributions of the imprinted and non-imprinted promoters
could occur depending on selective pressures, with imprinted expres-
sion becoming the predominant mode as one possible outcome.
Alternatively, the newly emerged primary imprint could provide the
source of a non-coding transcript that could indirectly imprint the
gene in which it resides and/or influence the allelic balance in
expression of flanking genes (Figure 1b). This indirect imprinting
could provide the opportunity for gradual evolution of monoallelic
expression at a locus and accrual of imprinting across a cluster of
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genes until an evolutionary stable state is attained. Indeed, there have
been observations of polymorphic imprinting in humans that could
support this process. Monoallelic maternal expression of the IGF2R
gene has been observed in a subset of human placental samples
(Xu et al., 1993; Monk et al., 2006); however, the differential
methylation at an intronic CpG island (corresponding to the ICR
in mouse) is present irrespective of monoallelic or biallelic expression
of IGF2R (Monk et al., 2006), suggesting that secondary epigenetic
modifications may be acquired in some individuals. The possibilities
of immediate and progressive acquisition of imprinted monoallelic
expression might be useful to consider in relation to theories seeking
to explain the evolution of imprinting.
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