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Dynamic stage-specific changes in imprinted differentially
methylated regions during early mammalian development
and prevalence of non-CpG methylation in oocytes
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SUMMARY

Mammalian imprinted genes are associated with differentially methylated regions (DMRs) that are CpG methylated on one of the
two parental chromosomes. In mice, at least 21 DMRs acquire differential methylation in the germline and many of them act as
imprint centres. We previously reported the physical extents of differential methylation at 15 DMRs in mouse embryos at 12.5
days postcoitum. To reveal the ontogeny of differential methylation, we determined and compared methylation patterns of the
corresponding regions in sperm and oocytes. We found that the extent of the gametic DMRs differs significantly from that of the
embryonic DMRs, especially in the case of paternal gametic DMRs. These results suggest that the gametic DMR sequences should
be used to extract the features specifying methylation imprint establishment in the germline: from this analysis, we noted that
the maternal gametic DMRs appear as unmethylated islands in male germ cells, which suggests a novel component in the
mechanism of gamete-specific marking. Analysis of selected DMRs in blastocysts revealed dynamic changes in allelic methylation
in early development, indicating that DMRs are not fully protected from the major epigenetic reprogramming events occurring
during preimplantation development. Furthermore, we observed non-CpG methylation in oocytes, but not in sperm, which
disappeared by the blastocyst stage. Non-CpG methylation was frequently found at maternally methylated DMRs as well as non-
DMR regions, suggesting its prevalence in the oocyte genome. These results provide evidence for a unique methylation profile in
oocytes and reveal the surprisingly dynamic nature of DMRs in the early embryo.
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INTRODUCTION

Genomic imprinting is a parental origin-specific gene-marking
phenomenon crucial for normal mammalian development. The
marks, or imprints, render certain genes as expressed from only one
of the two inherited chromosomes. At the molecular level, imprints
are characterised by epigenetic modifications (Reik and Walter,
2001; Sasaki and Matsui, 2008), which include DNA methylation:
imprinted genes are associated with differentially methylated
regions (DMRs) that are methylated on either the paternal or
maternal allele. In the mouse, 21 DMRs (of which four are
paternally methylated and 17 are maternally methylated) are known
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to acquire methylation in the gametes (primary DMRs) (Chotalia
et al., 2009; Kobayashi et al., 2009), and many of them have been
shown to constitute imprint centres (ICs) that regulate nearby
imprinted genes in cis (Wutz et al., 1997; Thorvaldsen et al., 1998;
Fitzpatrick et al., 2002; Yoon et al., 2002; Lin et al., 2003;
Williamson et al., 2004; Shiura et al., 2009). The methylation
marks of such primary DMRs are presumed to be maintained
throughout embryonic development, including during the
preimplantation stages at which extensive demethylation of the
genome takes place, but few have been examined in detail
throughout development (Reik et al., 2001).

The primary DMRs are methylated by a de novo
methyltransferase, Dnmt3a, and its co-factor Dnmt3L in both male
and female germlines (Hata et al., 2002; Bourc’his and Bestor,
2004; Kaneda et al., 2004). However, how the Dnmt3a-Dnmt3L
complex finds and distinguishes DMRs in the two germlines
remains unclear. Sequence studies have shown that short
interspersed nuclear elements (SINEs) are less enriched in
imprinted regions than in non-imprinted regions (Greally, 2002; Ke
et al., 2002), and tandem repeats are frequently found within or
adjacent to DMRs (Neumann et al., 1995; Hutter et al., 2006;
Reinhart et al., 2006; Walter et al., 2006). Furthermore, an 8-10 bp
spacing of CpGs and unmodified histone H3 lysine 4 (H3K4) may
be preferred features for interaction of the Dnmt3a-Dnmt3L
complex (Jia et al., 2007; Ooi et al., 2007). Indeed, it was recently
reported that a histone H3K4 demethylase is required for
methylation of some maternally methylated DMRs in oocytes
(Ciccone et al., 2009). Other work has suggested that transcription
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across the DMRs during oocyte growth is required for methylation
at maternally imprinted regions (Chotalia et al., 2009). Despite
these advances, we still lack a full explanation of the locus- and
parent-specific methylation of DMRs (Walter et al., 2006;
Ferguson-Smith and Greally, 2007).

Previously in our laboratory, the physical extent of allelic
differential methylation was determined for 15 primary DMRs
(three paternally methylated and 12 maternally methylated DMRs)
in mouse embryos at 12.5 days postcoitum (dpc) by bisulphite
sequencing (Kobayashi et al., 2006). However, very little
systematic analysis has yet been performed on the extents of DMRs
in gametes, and this would be essential information in fully
defining mechanisms involved in locus- and parent-specific
methylation in the germline. We have now determined the extents
of this set of DMRs in the gametes (gametic DMRs) and find that
they differ significantly from the allelic DMRs in the embryos
(embryonic DMRs), indicating that the gametic DMR sequences
should be used to identify the features that determine methylation
imprint establishment. Interestingly, most maternally methylated
DMRs are flanked by regions methylated in both oocytes and
sperm, so that the DMRs can be viewed as unmethylated islands in
sperm. Together with results obtained for selected DMRs in
blastocysts, we found that the extent and methylation landscape
of DMRs change dynamically during early development.
Furthermore, we unexpectedly identified oocyte-specific non-CpG
methylation, similar to that recently reported in human embryonic
stem (ES) cells (Lister et al., 2009). The presence of non-CpG
methylation was evident within CpG-methylated regions not only
at DMRs, but also at other regions, suggesting its prevalence in the
oocyte genome.

MATERIALS AND METHODS

Mice

C57BL/6 mice were purchased from Clea Japan or bred at the Babraham
Institute, and JF1 mice (Koide et al., 1998) were obtained from the
Genetics Strains Research Center at the National Institute of Genetics,
Japan. C57BL/6 females were crossed with JF1 males to obtain F1 hybrid
mice to isolate sperm, oocytes and blastocysts.

Preparation of sperm, oocytes and blastocysts

Sperm was isolated from the epididymis of adult mice. Fully grown
oocytes were isolated from ovarian follicles of adult mice as follows:
ovaries were placed in M2 medium (Sigma-Aldrich) and slashed with a
needle to release oocytes. Only oocytes with a diameter over ~65 um were
collected and carefully washed several times by pipetting in a drop of M2
medium to eliminate somatic cells. Blastocysts were flushed out from the
uteri at 3.5 dpc.

DNA isolation and bisulphite methylation analysis

Genomic DNA was prepared from oocytes and blastocysts as described
previously (Hirasawa et al., 2008), except that lambda DNA (300 ng) was
added before ethanol precipitation. Sperm DNA was prepared by a standard
method. Bisulphite treatment of genomic DNA was carried out as described
(Hirasawa et al., 2008). We used bisulphite-treated genomic DNA from
sperm (~5 ng) or from oocytes and blastocysts (~1.4-2.8 ng) for each PCR
amplification. The result for each oocyte amplicon was obtained from
single PCR amplifications using at least 100 oocytes. For sperm DNA, the
following PCR program was used: 40 cycles of 95°C for 30 seconds, 60°C
for 30 seconds, and 72°C for 30 seconds. For oocyte and blastocyst DNA,
the program consisted of eight cycles of 95°C for 30 seconds, 60-56°C
(with a 0.5°C decrement per cycle) for 1 minute, and 72°C for 1 minute,
followed by 32 cycles of 95°C for 30 seconds, 56°C for 1 minute, and
72°C for 1 minute. The PCR primers are listed in Table S1 in the
supplementary material. The PCR products were cloned and sequenced.

To determine the extent of each DMR, we applied the criteria described
previously (Kobayashi et al., 2006). Briefly, if none or only one of four
consecutive CpGs showed a methylation level below 70% in the allele
where the DMR was more methylated than in the other allele, or over 30%
in the allele where the DMR was less methylated than in the other allele,
these four CpGs were judged to be a part of the DMR. The genomic region
between the two outmost CpG sites was defined as a DMR. In cases in
which single nucleotide polymorphisms (SNPs) were not available at
potential DMR endpoints in embryos, the following criterion was applied:
if none or only one of four consecutive CpGs showed a methylation level
below 85% or over 15%, these four CpGs were judged to be a part of the
DMR. However, when the methylation status of such a region was highly
mosaic, this criterion was not applied and thus the precise DMR end was
not defined. Prior to application of the above criteria, all bisulphite-PCR
clones potentially derived from the same genomic DNA molecule were
removed using the strict criteria defined by BISMA (Rohde et al., 2010).
The genomic coordinates of the DMRs so determined are given in Table
S2 in the supplementary material.

Sequence analyses of DMRs

We used in-house scripts to analyse the contents of CpG, G+C,
oligonucleotides, repetitive elements and CpG spacing of the gametic
DMR sequences determined in this study. For those DMRs for which the
precise extents could not be determined, tentative endpoints of differential
methylation were used. The sequence properties of the DMRs were
compared with those of all mouse CpG islands (Illingworth et al., 2010)
and with mouse chromosome 19 as an approximation of the whole
genome. Genomic positions of repetitive elements were extracted from the
EnsEMBL dataset to analyse their coverage in the DMRs and CpG islands.

Non-CpG methylation analysis

To verify the presence of non-CpG methylation in oocytes, 100 ng
unmethylated lambda DNA (Promega) was added as a conversion control
to 7 ng of DNA from oocytes, bisulphite treated in duplicate and
representative regions of lambda DNA and DMRs were analysed by
sequencing. An equivalent amount of DNA from blastocysts mixed with
lambda DNA was treated in parallel for comparison. The data obtained by
bisulphite sequencing were analysed using the CyMATE program (Hetzl
et al., 2007) to determine the positions and levels of non-CpG methylation.
The rate of experimental errors caused by PCR and sequencing was
estimated using the observed frequency of thymine to cytosine transition
(oocytes, 0.22%; sperm, 0.18%; blastocysts, 0.19%; 12.5 dpc embryos,
0.20%), and was used for data normalisation. The Logo plot images were
generated with WebLogo (Crooks et al., 2004). To exclude cytosines that
likely resulted from experimental errors, including failed conversion,
cytosine sites represented by at least two clones were used to extract
proximal sequences for the generation of logos.

RESULTS

Determination of the extents of DMRs in oocytes
and sperm

We collected fully grown oocytes and epididymal sperm, both of
which have fully established methylation imprints (Hiura et al.,
2006; Kato et al., 2007), for bisulphite sequencing. To distinguish
between the parental alleles we used SNPs identified between
C57BL/6 and JF1 strains at 86 out of 109 amplicons and 110 out
of 128 amplicons in oocytes and sperm, respectively. DNA
corresponding to at least 100 oocytes was used for each assay. The
methylation status in oocytes was compared with that in sperm and
the extents of gametic DMRs were determined using the criteria
described previously (Kobayashi et al., 2006). An average of 18
and 16 unique sequences were present in each amplicon at the
boundaries of the DMRs so defined in oocytes and sperm,
respectively, suggesting that the results were not skewed by
possible clonal amplification events.
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Fig. 1. DNA methylation patterns and the extents of differential methylation obtained by bisulphite sequence analysis at the twelve
maternally methylated DMRs in oocytes and sperm. (A) Examples of primary bisulphite sequencing results (before the removal of potential
clonal amplification events) showing methylated (filled circles) and unmethylated (open circles) CpG sites of two representative DMRs at the mouse
Grb10 and Peg10 loci. CpG sites at the DMRs are shown by short vertical lines below the gene organisation schemes; PCR amplicons are indicated
by horizontal bars. In the bisulphite sequencing profiles shown, hyphens represent missing or undetermined CpG sites due to SNPs or sequencing
problems. Paternal and maternal alleles were discriminated by SNPs if available. The extents of the gametic DMRs determined are shown by the
green areas. The Grb70 DMR can be seen as an unmethylated island on the sperm DNA (see text). An additional DMR found at the Peg 70 locus is
shown in grey. The endpoint of the additional DMR was not determined and therefore the 5’ end is shown by an open box. (B) Extents of the
remainder of the maternally methylated DMRs analysed in this study. The DMR in the gametes determined at each locus is shown in green. The
precise 3’ endpoint of the Mest DMR was not determined due to repetitive sequences overlapping this region.

We determined the CpG methylation status of 12 maternally
methylated DMRs (Fig. 1) and three paternally methylated DMRs
(Fig. 2). PCR amplicons were designed to close the gaps of
undetermined regions toward the endpoint of each DMR. Within
each gamete, most regions showed no significant difference in CpG
methylation between the parental alleles, confirming that gamete-
specific methylation was already established. Most of the regions
flanking the maternally methylated DMRs were consistently
methylated in both oocytes and sperm, and thus the DMRs were
viewed as ‘unmethylated islands’ on sperm DNA [see Fig. 1A for
the example at the Grbl0 (also known as Megl) DMR].
Exceptions to this generality were the Pegl( and Gnas 1A DMRs,
which were flanked by an unmethylated region in both sperm and
oocytes (Figs 1 and 3). Note, however, that these are both complex

transcription units: directly upstream of Pegl0 is the promoter for
Sgce, which is transcribed in the opposite direction, and 3’ to the
Gnas 1A DMR is the Gnas promoter, which is a constitutively
unmethylated CpG island (Chotalia et al., 2009). Interestingly, the
Pegl0 locus had an additional DMR, with a 1.3 kb intervening
unmethylated region (Fig. 1A). The additional DMR was
methylated only in sperm, the opposite of the primary DMR, and
lost differential methylation after fertilisation (see later).

The regions containing the three paternally methylated DMRs
were methylated in sperm and unmethylated in oocytes, and this
differential methylation extended over long distances (>10 kb).
Thus, we were not able to determine the precise endpoints of these
DMRs (for the subsequent feature analyses, we tentatively used the
endpoints to which differential methylation was confirmed by
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Fig. 2. DNA methylation patterns obtained and extents of differential methylation determined at the three paternally methylated
DMRs in oocytes and sperm. (A) CpG methylation profile of the mouse H79 (top) and Rasgrf1 (bottom) DMRs in the gametes. Additional DMRs
(grey) were found separate from the gametic DMRs containing the imprint centres (ICs, green) at both loci. The gametic and additional DMRs
extended over long distances and the endpoints were not determined (denoted by open boxes). Tandem repeat regions are represented by
triangles. (B) The extent of the gametic DMR determined at the DIk7-Gtl2 locus in oocytes and sperm.

sequencing). At the H/9 DMR, there was a 1 kb region
unmethylated in both sperm and oocytes, which divided the DMR
into two (Fig. 2A). Of the two parts, that located 5’ to the H19 gene
was the previously reported primary DMR containing the IC
(Thorvaldsen et al., 1998), and the other was defined as an
additional DMR. Similarly, the Rasgrfl DMR was divided by a
2.8-3.9 kb region that was unmethylated in both sperm and oocytes
(Fig. 2A), and here the more 5" part was the IC (Yoon et al., 2002)
and the other region constituted an additional DMR.

Gametic DMRs differ from embryonic DMRs

The gametic DMRs were compared with the corresponding
embryonic DMRs previously determined at 12.5 dpc (Kobayashi
et al., 2006), for which additional bisulphite analysis in this study
provided more accurate extents (Fig. 3). We found that they
differed significantly, and the DMRs were classified into four

groups according to the pattern of change (i.e. enlargement, shift,
contraction and fusion). Thus, the extents of all DMRs changed to
a greater or lesser degree during development.

For example, while one end of the maternally methylated
Nespas-Gnasxl, Pegl0, Mest (also known as Pegl), Kcnglotl (also
known as Litl), Grb10, U2afl-rs1 (also known as Zrsrl) and Igf2r
DMRs remained unchanged, the other end either extended
(enlarged DMRs) or regressed (contracted DMRs). The Gnas 1A,
Peg3 and Snrpn DMRs extended at one end and regressed at the
other end (shifted DMRs). The rest of the maternally methylated
DMRs, i.e. the Zacl (also known as Plagll) and Impact DMRs,
regressed at both ends and thus contracted. Almost all these
changes were attributable to changes that occurred in the
‘unmethylated islands’ on the sperm-derived chromosomes. The
Pegl0 and Gnas 1A DMRs, which were not seen as unmethylated
islands, were exceptions: at the Peg/0 DMR, an unmethylated
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Fig. 3. Developmental changes in CpG methylation

DE: 125 ambryo = ‘ - Nespas-GnasxI and DMR extent. DNA methylation status in the
a oz gametes (oocyte, red; sperm, blue) compared with that in
° 12.5 embryo | Peg10 .
3 ‘ 12.5 dpc mouse embryos (maternal allele, red; paternal
2 Gametes —= | Mest allele, blue). The extents of the DMRs shown were
= 125 embrye determined after the removal of potential clonal
Gametes 7 amplification events. Undetermined endpoints of
12.5 embryo- — Kqu10t1 . . . . . .
methylation are indicated by gradient shading. Gametic
DMRs containing ICs are centred and the changes in DMR
. =S Gnas 1A extent that have occurred in embryos by 12.5 dpc are
s 125 embryo ;-’A nas represented by pink (maternal DMRs) and light blue
g Gamet —= Poas (paternal DMRs) areas. Major transcription start sites are
2 12:5emoryo | g indicated by arrows. DMRs were classified into four
< — = Snrpn groups (enlarged, shifted, contracted and fused)
12 emoryo according to the pattern of change in extent.

12.5 embryo J—\—'r‘r Zact
g 12.5 embryo . Grb10
5 il
° 12.5 embryo i—’—‘-r Uzaf1-rs1
°
E T
= 12.5 embryo 5 Z lgfzr
o
[8) S

12.5 embryo i—’—i Impact

125embrye L e DIk1-Gtl2
S -
[a] 12.5 embryo H19
2 Rasgrf1
a 12.5 embryo ﬁ —_—
[T
T T T T T T T T T T T T T T T T T T T 1
-8 -6 -4 -2 0 2 4 6 8 10

Developmental change of DMR extent (kilobase)

flanking region on the oocyte-derived chromosome acquired
methylation, which contributed not only to the enlargement of the
primary DMR but also to the loss of differential methylation at the
additional DMR; and the 3’ endpoint of the Gnas 1A DMR showed
a subtle change and the flanking region remained unmethylated on
both paternal and maternal alleles.

The paternally methylated H79 and Rasgrfl DMRs were divided
into two in the gametes by a region unmethylated in both sperm
and oocytes (see above). The unmethylated region of both loci
became methylated on the sperm-derived chromosomes by 12.5
dpc and thus the two DMRs were fused into one (Fig. 3). This is
consistent with previous, but more limited, reports that the
unmethylated H79 promoter in sperm becomes methylated later in
embryos (Ferguson-Smith et al., 1993), and that an unmethylated
region is present at the RasgrfI locus in sperm (Lindroth et al.,
2008). Both fused DMRs, and also the paternally methylated DIk/-
G112 (also known as Meg3) DMR, were contracted substantially in
12.5 dpc embryos by regressions at both ends. This was caused by
the acquisition of methylation at the flanking regions on the oocyte-
derived chromosomes. Interestingly, the overall changes of the
paternally methylated DMRs were far more extensive than for the
maternally methylated DMRs.

Analysis of DMRs in blastocysts suggests dynamic
changes in CpG methylation

Having established that the gametic DMRs differ from the
embryonic DMRs determined at 12.5 dpc, we were interested to
know whether the extent of the embryonic DMRs is established at

the preimplantation stage or later in development. We collected
3.5 dpc blastocysts and analysed the methylation status of
representative DMRs from each group as defined by the patterns
of change (Fig. 3), i.e. the maternally methylated Peg/0 (enlarged),
Snrpn (shifted) and Impact (contracted) DMRs and the paternally
methylated DIkI-Gtl2 (contracted) and H19 (fused) DMRs.

All five allelic DMRs analysed in blastocysts had significantly
different methylation profiles from the corresponding gametic
DMRs and also from the postimplantation embryonic DMRs (Fig.
4). Most blastocyst DMRs showed contraction (except for the
Snrpn DMR, the precise 3" endpoint was not determined), resulting
from demethylation of parts of the DMRs and their flanking
regions. The maternally methylated DMRs showed more subtle
changes than the paternally methylated DMRs between gametes
and blastocysts. Of particular note, however, was the substantial
decrease in methylation of flanking regions on the sperm-derived
chromosomes. The Pegl0, Snrpn and Impact DMRs, together with
their flanking regions including the additional Peg/0 DMR,
were almost completely demethylated on the sperm-derived
chromosomes in blastocysts. Therefore, the Snrpn and Impact
DMRs can no longer be viewed as unmethylated islands on the
sperm-derived chromosome. However, demethylation also
occurred on the oocyte-derived chromosomes at the regions
flanking their gametic DMRs, and this contributed to the
contraction of the Pegl0 and Impact DMRs.

Concomitant with the demethylation on the sperm-derived
chromosomes, the paternally methylated DMRs showed more
extensive changes in their extents. The additional #/9 DMR
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disappeared in blastocysts and both the H19 and DI/k1-Gtl2 DMRs
showed substantial contraction. This is consistent with the
previous, more limited, observations for the H/9 locus, which
showed that the region overlapping the HI/9 gene body
(corresponding to amplicons C and E) is unmethylated in early
embryos (Brandeis et al., 1993) and that the methylation level is
reduced at the promoter-proximal region in blastocysts
(corresponding to amplicon F) (Tremblay et al., 1995; Tremblay et
al., 1997). Interestingly, the DIkI-Gt/2 DMR in blastocysts did not
overlap with that in 12.5 dpc embryos.

These studies revealed surprisingly dynamic changes in CpG
methylation at the DMRs in early embryos. Most changes observed
in blastocysts were associated with demethylation, which is most
likely part of the genome-wide demethylation that occurs in
preimplantation development (Reik et al., 2001).

Sequence feature analyses of gametic DMRs

To date, a number of attempts have been made to identify sequence
features that may distinguish DMRs from the rest of the genome
with the aim of establishing the properties that specifically direct the
acquisition of gametic methylation imprints (Walter et al., 2006; Jia

et al., 2007). However, the only available comprehensive sequence
information on DMRs has been obtained from 12.5 dpc embryos
(Kobayashi et al., 2006), the extents of which we have now shown
to be significantly different in the gametes. Here, we analysed
features of the gametic DMR sequences obtained in this study.

We previously reported that the embryonic maternally methylated
DMRs were more CpG-rich than the paternally methylated DMRs
(Kobayashi et al., 2006). To determine whether this is also true for
gametic DMRs, we compared their CpG and G+C contents with
23,021 mouse CpG islands that were biochemically defined
(Illingworth et al., 2010) and with the mouse genome (chromosome
19) as references. Consistent with the previous study, the maternally
methylated gametic DMRs showed higher contents of CpG and G+C
(see Fig. S1A,B in the supplementary material) than the paternally
methylated gametic DMRs. The CpG and G+C contents dropped
within the 1 kb flanking regions of the maternally methylated DMRs.
When compared with CpG islands and the mouse genome, the CpG
and G+C contents of the maternally methylated DMRs and their
flanking regions were very close to those of CpG islands, whereas
the paternally methylated DMRs were more similar to the genome
average.
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To explore the possibility that the DMRs have a distinct sequence
composition from the rest of the genome by which they might be
recognised by the DNA methylation machinery in the gametes, we
searched for short sequence motifs that were over-represented in the
gametic DMRs. However, similar to their CpG and G+C contents,
the maternally methylated DMRs had very similar patterns of di-, tri-
and tetranucleotide enrichment to that of CpG islands, and the
paternally methylated DMRs were similar to the genome average
with no apparent over-representation of specific sequence contents
(Fig. S2 in the supplementary material). Analysis of repetitive
elements showed that the maternally and paternally methylated
DMRs have a higher mean coverage of tandem repeats than CpG
islands (see Fig. S3A in the supplementary material), which is
consistent with previous reports (Hutter et al., 2006). Nevertheless,
there was still a substantial number of CpG islands that had higher

(O NIRRT N TN TR IN ]
379

Position of cytosine (base pair)

coverage of tandem repeats than the DMRs, suggesting that DMRs

cannot be distinguished from such CpG islands simply by this
difference (see Fig. S3B in the supplementary material). The
paternally methylated DMRs showed a higher mean coverage of
SINEs, long interspersed nuclear elements (LINEs) and long terminal

Fig. 5. Non-CpG methylation in oocytes.

(A) Distribution and levels of CpG and non-CpG
methylation in representative regions of the
maternally methylated Igf2r and Snron DMRs in
fully grown oocytes, sperm and 12.5 dpc mouse
embryos. The regions correspond to PCR
amplicons C of the Igf2r DMR and D of the Snrpn
DMR (Fig. 4 and see Fig. S5 in the supplementary
material for the positions of the amplicons).
Positions of cytosines are shown at the bottom.
(B) Number of methylcytosines in each sequence
context in oocytes at the maternally and paternally
methylated DMRs. The number of cytosines
sequenced was divided by the total length of
amplicons sequenced. (C) Percentage of
methylcytosines in each sequence context in
oocytes, sperm, blastocysts and 12.5 dpc embryos.
Values were normalised against the expected
experimental error rates (see Materials and
methods). (D) Percentage of all possible cytosine
sites at which methylcytosine was observed at the
maternally methylated DMRs in oocytes. (E) Logo
plots for the sequences proximal to the methylated
CpHpG and CpHpH sites in oocytes. (F) CpG and
non-CpG methylation status at non-DMR regions
within the Snrnp70 and Pard6b loci in oocytes and
sperm.

repeats (LTRs) than CpG islands; however, this mainly reflected the
exceptionally repeat-rich sequences at the Rasgrfl DMR (Hirasawa
et al., 2008). Also, in contrast to a previous study that showed that
maternally methylated DMRs (as determined by their extents in 12.5
dpc embryos) have a characteristic 8-10 bp CpG periodicity, our
analysis did not find this feature in the gametic DMRs (see Fig. S4
in the supplementary material). We also examined whether CpG sites
in the gametic DMRs have the specific sequence contexts that have
been reported to be preferred by human DNMT3A or DNMT3B
(Wienholz et al., 2010), but we did not observe this, consistent with
the proposal that DNMT3L attenuates the flanking sequence
preference of these enzymes (data not shown). Thus, these results
indicate that the sequence compositions of the maternally and
paternally methylated gametic DMRs were distinct, but did not differ
from those of CpG islands or the genome average, respectively.

Non-CpG methylation in oocytes

During this study, we noticed a high incidence of unconverted
cytosines at non-CpG sites at the maternally methylated DMRs in
fully grown oocytes, but not in sperm, blastocysts or 12.5 dpc
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Fig. 6. Developmental changes in methylation landscapes at
typical DMRs. (Top) At a maternally methylated DMR, the de novo
methyltransferase complex (green and blue ovals) methylates both CpG
(black circles) and non-CpG (orange circles) sites in oocytes, whereas in
sperm it cannot methylate the region, which consequently remains as
an unmethylated island (unmethylated CpG sites shown by white
circles), establishing the gametic DMR (green region). (Middle) After
fertilisation, the peripheral regions of the DMR are affected by global
demethylation, resulting in a change in the extent of the DMR, and the
unmethylated island can no longer be seen on the sperm-derived allele.
By this stage, non-CpG methylation on the oocyte-derived genome
disappears. (Bottom) Then, an unmethylated island on the paternal
allele is reformed by de novo methylation of flanking sequences by the
midgestation stage; however, the extent of the DMR is distinct from
that in the gametes. At a paternally methylated DMR, demethylation
on the sperm-derived allele results in more extensive changes in DMR
extent. At the midgestation stage, the DMR is seen as an unmethylated
island on the maternal genome.

embryos. The presence of unconverted cytosines at non-CpG sites
was not due to failed bisulphite reactions as lambda DNA, which was
treated together with oocyte DNA, was almost fully bisulphite
converted (99.9%) at two representative regions analysed (see Fig.
S5 in the supplementary material). These regions had CpG
dinucleotide densities of 9.4-12.2% and G+C contents of 48.1-50.2%,
which are comparable to those of the maternally methylated DMRs
(see Fig. S1 in the supplementary material). In addition, blastocyst
DNA treated in parallel also showed very few unconverted cytosines
at non-CpG sites (see Fig. S5 in the supplementary material).
Examples of frequent non-CpG methylation in fully grown
oocytes are shown for regions of the Igf2r, Snrpn and Kcnglotl
DMRs (Fig. 5A and see Fig. S5 in the supplementary material). In
the region of the /gf2r DMR shown, methylation levels at non-CpG
sites were not as high as those at CpG sites (which showed nearly
100% methylation), but some non-CpG sites showed in excess of
50% methylation. Within the Snrpn DMR, a number of non-CpG
sites were methylated and some sites showed nearly 100%
methylation. By contrast, the corresponding regions in sperm and
12.5 dpc embryos had very little non-CpG methylation. The average
methylation levels in oocytes at methylated sites of all maternally
methylated DMRs examined were: CpG, 91.9%; CpHpG, 22.2%);
and CpHpH, 22.0% (where H=A, C or T). Analysis of all DMRs
also showed that non-CpG methylation in oocytes tended to occur
within or near regions with high CpG methylation, but was absent
from CpG-unmethylated regions such as those DMRs methylated on
the paternal allele (Fig. 5B and see Fig. S6 in the supplementary
material for representative regions). When all data were combined,

37.0% of 5-methylcytosines occurred in non-CpG contexts in
oocytes (Fig. 5C). Interestingly, blastocysts had a slightly higher
proportion of non-CpG methylation (1.9%) than sperm (1.0%) or
12.5 dpc embryos (0.7%).

It is also interesting to note that non-CpG methylation in oocytes
did not appear to occur at all possible sites, in contrast to CpG
methylation (Fig. 5D). Furthermore, there was a good concordance
in the sites of non-CpG methylation between replicate bisulphite-
treated oocyte samples (Fig. 5A and see Fig. S5 in the
supplementary material). Sequence context analysis showed that at
non-CpG sites, the nucleotide immediately 3’ to 5-methylcytosine
was most likely to be adenine (CpA) (Fig. 5E), which is also a
feature of non-CpG methylation observed previously at one locus
in oocytes (Ramsahoye et al., 2000; Haines et al., 2001; Lister et
al., 2009) and more widely in ES cells (Ramsahoye et al., 2000;
Haines et al., 2001; Lister et al., 2009). However, unlike human ES
cells (Lister et al., 2009), mouse oocytes had 5-methylcytosine
more frequently in a CpHpH context than in a CpHpG context
(Fig. 5C). We also examined whether there was an 8-10 bp
periodicity between methylated sites when methylcytosines in all
sequence contexts were included in the analysis, but this was not
found to be the case (data not shown).

To assess whether non-CpG methylation is a feature specific to
maternally methylated DMRs, we performed bisulphite analysis
at non-DMR CpG-rich elements (S. Smallwood, personal
communication), at which both oocytes and sperm are CpG-
methylated (Fig. SF). The results showed a similar high frequency of
non-CpG methylation at the CpG islands of the Snrnp70 and Pard6b
loci in oocytes, suggesting that it is not restricted to the DMRs, but
prevalent in the CpG-methylated compartment of the oocyte
genome. The absence of non-CpG methylation in these CpG-
methylated regions in sperm contrasts markedly with the methylation
status in oocytes. Non-CpG methylation was previously reported at
the NfI locus and at the Mest DMR in mouse oocytes (Haines et al.,
2001; Imamura et al., 2005), as well as in mouse and human ES cells
(Ramsahoye et al., 2000; Lister et al., 2009), but the data in oocytes
and early embryos were limited and the information in sperm was
lacking. Here, for the first time, we have obtained solid evidence for
the prevalence of non-CpG methylation in mammalian oocytes.

DISCUSSION

As an essential step to understanding the mechanisms of methylation
imprint establishment in the germline, we have determined the
extents of the DMRs in sperm and oocytes. Our data provide first
access to detailed information on the methylation and sequence
extents of gametic DMRs and begin to provide new insights into
how we view the mechanism of methylation imprint establishment
and its parental germline specificity. Moreover, we find dynamic
developmental changes in differential CpG methylation and non-
CpG methylation in oocytes (summarised in Fig. 6).

Recent publications have suggested several factors, such as
transcription (Chotalia et al., 2009), H3K4 methylation status (Ooi
et al., 2007; Ciccone et al., 2009) and CpG spacing (Jia et al., 2007),
as being required for the establishment of maternal methylation
imprints in oocytes by the DNA methyltransferase complex. Our
methylation analysis revealed that most maternally methylated
DMRs are flanked by regions that are methylated in both oocytes and
sperm, and the DMRs can be seen as unmethylated islands in the
sperm genome. This observation adds another possible component
to the mechanism of formation of maternally methylated DMRs,
suggesting that DMRs could be methylated by default and
concomitant with flanking sequences in oocytes, but might have to
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be specifically protected from methylation in male germ cells. It was
recently reported that CpG islands recruit the CXXC-domain protein
Cfpl (also known as Cxxcl), which determines their levels of
H3K4me3 and protects them from CpG methylation (Thomson et al.,
2010), and the H3K36me2 demethylase Kdm?2a (Blackledge et al.,
2010). By altering the histone modification profile at CpG islands,
both factors could influence the interaction of the Dnmt3a-Dnmt3L
complex (Dhayalan et al., 2010). It is possible that a similar
mechanism might apply to unmethylated islands in sperm. Indeed,
the CpG richness of the maternally methylated DMRs is close to that
of CpG islands as defined by the regions bound to the CXXC
domain of Cfpl (Illingworth et al., 2010). By contrast, the paternally
methylated /19 and the Rasgrf] DMRs do not appear to be viewed
as unmethylated islands in the gametes, suggesting that this model
does not apply for these regions.

We also found that the methylation landscapes and the extents of
gametic DMRs differ significantly from the DMRs as they exist in
preimplantation and postimplantation embryos. The extent of the
three paternally methylated DMRs, together with the additional
DMRs at the H19 and Rasgrfl loci, showed striking differences
between the gametes and 12.5 dpc embryos. The maternally
methylated DMRs also change, but vary less in size between the
gametes and 12.5 dpc embryos. In blastocysts, the maternally
methylated DMRs can no longer be viewed as unmethylated islands
on the paternal allele owing to extensive loss of methylation in the
peripheral regions and, in some cases, more internal regions, which
also results in changes in the extent of the DMR. Thus, it appears that
the DMRs, which are considered to be resistant to developmental
reprogramming of methylation, are also affected, at least in part, by
the genome-wide demethylation that occurs during preimplantation
development (Reik et al., 2001; Morgan et al., 2005). In other words,
the DMRs appear to be demethylated and remethylated to some
extent during early embryonic development. The more prominent
changes occurring at the paternally methylated DMRs might be
linked to the difference in the mechanism of global demethylation
between the oocyte- and sperm-derived genomes (Reik et al., 2001).
After subsequent de novo methylation, which occurs by the
midgestation stage, the DMRs appear again as unmethylated
islands, but the extent of the maternally methylated DMRs is
distinct from that in the gametes. It is notable that the paternally
methylated DMRs can also be seen as unmethylated islands on the
maternal allele at this stage.

Given how DMRs change during development, it is logical that
the gametic DMR sequences themselves should be used to extract
features that might dictate the establishment of methylation in the
germline. However, our bioinformatic analyses of the gametic
DMRs suggested that the sequence composition of the maternally
methylated DMRs is indistinguishable from that of CpG islands.
Similarly, the paternally methylated DMRs did not appear to have
significant sequence properties that distinguish them from the
remainder of the genome. It is possible that there might not be
common sequence features required for imprint acquisition in the
germline. Instead, it might be the ‘context’ of the DMRs that is
important; for example, their presence within transcription units
(Chotalia et al., 2009) or their histone modification state not driven
primarily by underlying sequence. Alternatively, it might be that
the gametic DMRs possess characteristic sequence features that
could not be detected by our analyses which, in combination with
other factors, could be important for imprint acquisition.

Finally, we observed abundant non-CpG methylation in oocytes,
which contrasts with sperm in which non-CpG methylation was
absent. Non-CpG methylation was previously reported at the Nf7

locus and the Mest DMR in oocytes (Haines et al., 2001; Imamura
et al., 2005), but our study is far more extensive and provides the
first solid evidence for the existence of abundant non-CpG
methylation in vivo in mammals and suggests that it might be a
general property of sequences undergoing CpG methylation.
Previous studies showed that mouse and human ES cell lines
contain abundant non-CpG methylation (Ramsahoye et al., 2000;
Lister et al., 2009). Our data indicate that CpA is a preferred site
for methylation in oocytes, consistent with the previous, albeit
limited, observations; however, unlike human ES cells (Lister et
al., 2009), mouse oocytes do not have a preference for CpHpG or,
more specifically, CpApG. The non-CpG methylation in oocytes
disappears after several rounds of DNA replication in
preimplantation development, as its content in blastocysts is
already close to that in postimplantation embryos. This is consistent
with previous observations at the Nf7 locus and at the Mest DMR
(Haines et al., 2001; Imamura et al., 2005) and is most likely
because non-CpG methylation is not maintained through DNA
replication during cleavage: it is known that the maintenance
methyltransferase Dnmtl is highly specific to CpG.

The previous report on the NfI gene (Haines et al., 2001)
indicated that non-CpG methylation in oocytes is not limited to
DMRs. It is noteworthy that our study on non-DMR regions, which
were CpG-methylated in both oocytes and sperm, also identified
non-CpG methylation specifically in oocytes. In addition, our re-
examination of previous results from oocytes (Kaneda et al., 2010)
also identified non-CpG methylation in retroelement sequences
(data not shown). Thus, the existence of non-CpG methylation
might be global in oocytes. We speculate that the high incidence of
non-CpG methylation in oocytes and ES cells is a consequence of
high expression of de novo methyltransferases (Okano et al., 1998;
Vassena et al., 2005), as these enzymes act not only on CpG sites
but also on CpA and CpT sites (Ramsahoye et al., 2000; Aoki et
al., 2001). Non-CpG methylation introduced by these enzymes
should accumulate in oocytes in particular, as they are non-
replicating. Consistently high expression of de novo
methyltransferases, or the expression of other factors that target
these enzymes to DNA, might explain the presence of non-CpG
methylation in ES cells despite replication.

In conclusion, our study illustrates for the first time a detailed
picture of the DMRs in the gametes and reveals the dynamic
developmental changes that occur in methylation, underscoring the
importance of using gametic DMR sequences for the study of
imprint establishment. This study provides a basis for
understanding the mechanism of imprint establishment in the
germline.
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Table S1. Primer sequences for bisulphite methylation analysis of the primary DMRs

Locus/amplicon

Sense primer (5’ to 3')

Antisense primer (5’ to 3’)

Nespas-Gnasx! A

Nespas-Gnasx! B
Nespas-Gnasxl| C

Nespas-Gnasx/ C1

Nespas-Gnasx| D
Nespas-Gnasx| E
Nespas-Gnasx| F
Nespas-Gnasx| G
Nespas-Gnasx/ H

GGGAGTTGAGGAGATGGGTAAAT
GGGGATGTTATTGGTATTTGGTAGGTTTAG
GTAATTTTTAGTGTTTAAAATTTAGGTGGTAG
GTAATTTTTAGTGTTTAAAATTTAGGTGGTAG
GAAGAATTAGATGGGGAGGGAGG

GATTATTTATTTTTATAAAGTTTGGAAATTGAGGTTGGAG

GAGATTGGTAGAGTTTTTATTGGGGT
GTGTTGGTATATTTTGTAATAATTTGTGTGTAGAT
GGGGTTGTTTAAAATATGTGTATTTTGTATTT

AAATAACCTCTAATACAAAATTACCCCTAACTAA
CTACCACCTAAATTTTAAACACTAAAAATTAC
CACACCTTCACCTATCTAAAACAAAAAATCC
AACACCTTTACTCCTATAAAAACAATAAAAAAA
CTATCACCTTCCTAATTACACTTACCCC
CTTCTAAAAATCCACTAATCTCACTACC
CAAAAACTAACTTAACATCCATTACTTCAAAC
AACCTTACCAACAAAACTAAAATACCC
CTTACCTTCAATCCTCAACTAAAACTACTTA

Gnas 1A A AGGTTTTTGGAAAGTAGTTTATAATGATTTTAATT ACACTAAAAAATATTCTCATCAAAATCAAAAACAC
Gnas 1A B GGGTTTTGGGTAGGTTAATGTTAGG CTTCTCCTATTAAATAAATATCACACCCAATC
Gnas 1A C GTGTGTGTTGTAATGAAGAGAAGTTATAATTAGT ACCCACAAATACCTTATACCCAAATAAAC
Gnas 1AD GTTTATTTGGGTATAAGGTATTTGTGGGT CCTAAACCTACCTCCCAATTTTCC

Gnas 1A E GGTATTATGTTGAAGATGGTTATGAAGTTTAAAGTT AACATCATCTTCTTCATCAATATCACTATCC
Gnas 1A E1 GGTATTATGTTGAAGATGGTTATGAAGTTTAAAGTT CCAACAACTTCTTCTCCATCTTCTTAC
Gnas 1A E2 GTAAGAAGATGGAGAAGAAGTTGTTGG AACATCATCTTCTTCATCAATATCACTATCC
Gnas 1A F GGATAGTGATATTGATGAAGAAGATGATGTT CCCTCCTCCTACAACAACAAAAC

Gnas 1A F1 GGATAGTGATATTGATGAAGAAGATGATGTT CAACCCAAAAACACTCTAAAACAACAAATC
Gnas 1A F2 GTGTGGATTTTTATTAGTGTTTGTGTGTGG CCCTCCTCCTACAACAACAAAAC

Peg10 A TTGATTAGAATTATATTTTTATGTGATAATTTTGAGG CAAATTTTAAAAATCACCCATCTTTCAAAAC
Peg10 B* GTAAAGGAATAAGGTATTTAAATATTGATTGGG AACTCTTAAAAAACTCTCAATAAACAACTTAA
Peg10 C GTTTTAAGTTAAGGAAATGTTTGGAGTTGAG CTACAAACAACACCCATTACCCTAC
Peg10 D GTAGGGTAATGGGTGTTGTTTGTAG TCCCCAAACTTAACCCCTAACC

Peg10 D1 GTTTGGTTTTTAGAATTTTATGATTTTGTTTT TCCCCAAACTTAACCCCTAACC

Peg10 E TGTTTTGAAAGAGGGGTGTTGTGAG ACATAAAAATTCAAAAACCCACAAACC
Peg10 F GTATTTAATTTGGAAAGTTGTAGGAGAG TACAACAAAAATAAATCCCCCACCTC
Peg10 G GTTTTAGAGTTAGTTTATTTGGTTTTTATTTTTAAGG AAACTATACAACCAAACTCAAACAAACAAA
Peg10 H TTTGTTTGTTTGAGTTTGGTTGTATAGTTT CAACTCAACTCAAAACAACAAAACTCC
Peg10 1 AGTGGTGAAGGTTATAGATTTTTAATTGGTGAT ACAACCTAACTCAAATCAAAAAAATACATACCCT
Mest A GAAGTTTTTATTGGATATAGATAGGGTTTGGTAT TCTACCCTAATCAAATATATCCTTTCCCA
Mest B AGAGAATAAATTTTTGGTTTTAGGAAGGGT CCAACAACCTAAACCCTCTACCTACC
Mest C GGTAGGTAGAGGGTTTAGGTTGTTGG TCATTTACTACTCACCACAAACCCTCT
Mest D TGAGTGGTTAAGATGGTTTTTATTTGTGGA CAAAATCAATACTACACAAACTATTCCCTACCT
Mest E AGGTAGGGAATAGTTTGTGTAGTATTGATTTTG CCAACAACTAAACCCTCTTACTCCT

Mest F AGGAGTAAGAGGGTTTAGTTGTTGGT ACCCATTTTAAACACTATAACAAATTAAACAAACCC
Mest G AGTAGAGTATTTTTAGTGTTGTTTGAGGAGT ACCTTCACATCCTTCTATACCATAATTCAC
Mest H GTGAATTATGGTATAGAAGGATGTGAAGGT CTCTCAACCACAAAAACAATTCCAATCCAA
Mest H1 GTGAATTATGGTATAGAAGGATGTGAAGGT CACTACTAAAAACCAACTAAAACT

Mest | GAGGTGGTGGTGAAGTAATTTAGG CCCAACCATTCTCAACTTTAATTACCTTA
Mest J TAAGGTAATTAAAGTTGAGAATGGTTGGG CCCCTTAAAAACCTCAACTACCTACC
Mest J1 TAAGGTAATTAAAGTTGAGAATGGTTGGG CTAAAAATACCTAACACAATACCAAAACAC
Mest K GGTAGGTAGTTGAGGTTTTTAAGGGG CCCAACTTACCATACCTAAATTTCAAAAATCC
Mest L TGATTTTTGGAAGTGTATAATGTTATTTTGGTTGTT AAATACTATATAACTTACCTAACACTAAAAAC
Mest M GTTTTTAGTGTTAGGTAAGTTATATAGTATTT TCAAATTATTCAAACAATAAAATACCTTACCAACAATACT
Peg3 A* TGAGAAAAGAAGTATTTTTATGGAGTATTATGGGAG ACCTACCCTACCCTCTACACCT

Peg3 B* AGATTGGAAATGATGGAATAAGATTAAGGG AACCCCAAAAAAATCTTCAATACTCTTCAT
Peg3 C* GGGTTGGTTGTAGGGGTAGGGT CCACACCCCTTTCCCAAAATTCTA

Peg3 C1* GTTTTTTTTGAGTGATTGGGTTATAGAAGTT CCACACCCCTTTCCCAAAATTCTA

Peg3 D* GGGGTAAGTTTTAGGAAGGGG CCCTACCCCTACAACCAACCC

Peg3 E* GGTGAAGAAGGGAGTGGTAGG CCTTCAATAATCACTTCAAACACACC
Peg3 F* GTTAAGGAAATTTATGGGTATAGAGAATAAAG CTAAAAAAATCTTAACCTAACTATCTACATAA
Peg3 G* GGGGAGTAGAATGAATAGTTAAAGATTTAAG CTTTATTCTCTATACCCATAAATTTCCTTAAC
Peg3 G1* GGATTGGGGAATTAAAATTGTATATTTTATTTA CTTTATTCTCTATACCCATAAATTTCCTTAAC
Peg3 H* GGTGGTTATTTAGGGAGAGGTTGTG CTTAAATCTTTAACTATTCATTCTACTCCCC

Peg3 I*

GTTTGATGTTGTTTTAAGATATTGAGAGGTAT

TCTTACACAACCTCTCCCTAAATAACC




Snrpn A GGGAAAATGTATTTTTATGTTAAGATTTGGGAAT AATAAATCATCCCATTTCAATTTACCAAATCC
Snrpn B GAGAAGGTGGGGTGGATTATTAGT ATATCTTTACCCCTCCTTTCCTACAATATC

Snrpn C GATATTGTAGGAAAGGAGGGGTAAAGATAT CTATACAATACTTACTTTTACCCACTCATTAAA
Snrpn D TTTAATGAGTGGGTAAAAGTAAGTATTGTATAG ACTTCTAATTTAAAACCTTAAAACTCTAACCCATA
Snrpn E GTTTTGGTTAAATAGGATGTATTTTTATTATTAG AACAATTATATCCATTATTCCAAATTAACAATA
Snrpn F GAGGGTTTGTAAGAATTGTTAATGAGGTATTT CCAACCCAACCATAACACATCCTAT

Snrpn G GAGAGGGTATTTTGTAAGTTTGGGTT TCAAACTTACATAAATAAACCTACCTCACTTAA
Snrpn H AGTTTGGTTTATAATATGAGTTTTAGGATAGTTAGGATT CCTCACTATATTTTTAAAAATCTTTCAAAACTATAACCACAA
Snrpn | GTGTATTAGGGGTATGTTTTTTGTTTTTAGAGGT CCCCAACTCAAACTAAACCCTATACCC
Kcnqlotl A GGAGGTTTTATTGATATGTGGTGTTATTTTGATT AAACAAATTTTTAAAACCCCACATTTCTTTATAACAATAATA
Kcnqlotl B AGATTTTTTTAGGAAAGGTTATAGATGGTTTGAGG ACAAACCAAAAATATTTTCCTAACCACCTCC
Kcnqlotl C GGTGGTTAGGAAAATATTTTTGGTTTGT AAATAATCCATTTCTACACCTATTTTCCAAATAC
Kcnqlotl D GTTGGGTGGGGTAAGTTTTAGGG ACCTCCAACCATAAAATTAATTTCATTACTACCTC
Kcnqlotl E GTTGGGAAGGATTATGTAGAGAAAAGTATATT CCAAAACCAAAAACATACTCATCTTTAACC
Kcnqlotl E1 GGGTTTGATTGGATTAAAATGTATTATTATAGA CCAAAACCAAAAACATACTCATCTTTAACC
Kcnqlotl F GTATTTGGATTGGGTGAGTTTGTATAGGAT CTCCCCTTCCCCTAAATCCTATTTAAAATC

Zacl A AGTGTTTAATTTGAGAATTGATAGTAGAGTTAAGATGT CCTACCCCCATCCCACATATAACATA

Zacl B GGGGTTGGGAGAGTAGGTTG ACACTCTTTCTCCTATCCTAACCCAAA

Zacl C TTTGGGTTAGGATAGGAGAAAGAGTGT CCATCCCCACAAAAATAATCCACCC

Zacl C1 TTTGGGTTAGGATAGGAGAAAGAGTGT ACCAAAAAATTTAACATAAACAATAATACCAC
Zacl D TTGGGTTGGAGTTTGTGTTTGTTTTTTTGG CATTTCTTCCCCTCAACACTAAAAAAAATCTATAC
Zacl E AGAATTTGGTAGGTAAGGTTATTGTTTAGGG AACTAAATAAAATATATCCAACCAACACCAAAATTACTT
Grb10 A GGTGAAAGAAGAGGATTTATATTGTTTGG ACTTCTTACCACTCCCCATATCTAAAC

Grb10B TTGATGGATATGAGGGGTTAAAAGG TTAACTACCCTTCTCATCAACTACC

Grb10 C* TTTGTAATGGTTTAAGTGGTGGGTAGTTT ACAATCAAAATATAAACAAATAATCTAACTACTTCTCTAAAAATCT
Grb10 C1 GTAGTTAAAATGTAAATAGGTGATTTGATTGTTTT CTAAAATTAACCTAATCATCTTTTAAACCTCACTA
Grb10 C2* TTTGTAATGGTTTAAGTGGTGGGTAGTTT CCCATATCTACTTACAACCCAAACTAATTC
Grb10 D TGTTGGGAAGTTTGTTTTGTTGAGT TCACTCAAAACTCCCCTCCTC

Grb10 D1 GTTTTTAGGGAATTGATTGGGTATTTTTGA TCACTCAAAACTCCCCTCCTC

Grb10 E GAAAAAGTTTGAGTATGGTTAAGAGAAAAGT CCACCCTAAAACCTCTACTCCC

Grb10F AGTATAGTTAGTTTAAGGAGAGAAAATTTGGGTTT CACAAAATCTCAAATTTCATCCCTAATTTCCA
U2af1-rs1 A AAAGATTTTTTAGTTGAGTGATAGTATTGTAGTTTT TCTCAACTCTTCCTACACCATACCTA
U2af1-rs1 A1 AAAGATTTTTTAGTTGAGTGATAGTATTGTAGTTTT CTAAAAAATATCACTCCAAATATACAAAACAATC
U2af1-rs1 B GTTTGTGTAAGTATAAGAGTTTATGGGGAT TCCTACAATAAAAATACTCAACCCTAAACC
U2af1-rs1 C GATTATATGAAGAGTGGTTGTTGAGGG TCATAATCATCCCTTCTACACTACTCC
U2af1-rs1 D GGAATGGAGTAGTGTAGAAGGGATGATTATGAT ACCAAAATAATAACTTCTTAACTTACTATAATATTCCTCATA
U2af1-rs1 E GAGGAATATTATAGTAAGTTAAGAAGTTATTATTTTGGTTT ACAAATTCCAAACCAACCAAAAATACATAA
Igf2r A TGGTGGTTTTGGGTGGTAGTGA AATTATCTACTCTCCCTTTAAAAAAACAACCCTA
Igf2rB GGTGGTTAGGAAAATTTTTATAGGAGTGGT ACCCTCATCTACAAAATCCTCCCC

Igf2r C GGGGAATTGAGGTAAGTTAGGGTTTT TCTTATAACCCAAAAATCTTCACCCTAAC

Igf2r D GAAGGGTTTTGTGATTAGGGTTAA AACACCTTCATATACCCCTAAACAC

Igf2r E TGTGTTTAGGGGTATATGAAGGTGTT TCCCAAAATATACCAACCAATACAACAA

Igf2r F AGTTAGAGTTATTAGAGAAGGAGGAGATTT AACTACCATAATATATACTAAACCCAAAACCAA
Igf2r F1 AGTTAGAGTTATTAGAGAAGGAGGAGATTT ACTCCAAATTTCTCTTACTATAATAAACCACC
Igf2r G TTGGTTTTGGGTTTAGTATATATTATGGTAGTT AACTATCCTTAACTCTCTTTATAATATCTCAATCTTAAA
Impact A TTTTATGGTATTGGTATAGAGATAGGTAGGT ACCTCCTTCCATATCTTATAAACATTCAAAA
Impact B TTTTGAATGTTTATAAGATATGGAAGGAGGT AAACTCTCATACTCATCCTTCAAAACAA
Impact C TGTTTTGAAGGATGAGTATGAGAGTTTT CCCTACTAAAACCTTACCTACCTCTAAC

Impact D GTGGTATAGATGGGTAGGGTTAG CATCTTAATTTCCCCACCTTTCCAA

Impact E AGGGTTGGGATTAAAGATGTGTATT AAATCCCCTCCTTCATATTTATAATTCTAC

H19 A TTTTTTAGAAAATTAGAGGGTAAAATGATGG CAACATAAATAACAAATACATAAAAAACTATCACT
H19B TGAATATTTTATGATGGAATTGTTTTTAGATTAGG CCTTCCTTACTTAAAAAACTCAAAACACC

H19C AGTGGGTGGATAATTAGGTGGTTGA ACAAACACACCATTCCCATAAAACACTAC
H19D GAATGGTGTGTTTGTAGGTTGGAT AACAAATAAATCTCCTTCTTCTCTCTTAACCTC
HI9E GAGGTTAAGAGAGAAGAAGGAGATTTATTTGTT CAACTTCAATATAACAAAATACCTAAAACACCACC
HI19F AATGGGAATTTGAGGGTATGGGTTTT ACCCTTAAATCCTCCTCCCATCTAAAAC

H19 G GTTATTGTTGTGGGTGGATTTTAAGTTATGATATTG ACCACACCAATAAATAACTTACATATAATAACCAACC

HI19H

AATGGTTGAATTTTAGTTTTTGTTTTTATGGTT

ACCAATACAATCCCACATACTTTATCATAAAA



H191 TGATTTTTTTGAGGTATTGAATTTGGGTGATT ACTTTCTACCCTAACAATCCCCAAATTAAC
H191J GGTAGAAAGTATAATGAGGGTAGTAAGTTTTGG TCCTAAAACTCACTTTATAAACCAAACTAACCTC
H19 11 GGTAGAAAGTATAATGAGGGTAGTAAGTTTTGG AACACCACCATACTCACAATAATATAAAAAACAC
H19 K GATGGGATATATAGATAGGATATATAGATGGGAT CATTATCCCCTCCATATAACACCTAC

HI19L ATGGGTATAGAGAGAAAAGAGGGAGT CTTTTACAACCAAAACAAAAACAATAATAAAAC
Rasgrfl A GAGGTAAATTTTTTTGAGGGGAAGTT ACTCCACATAAAAAACATAACTTCCCAC
Rasgrf1 B GTATGTTATTGTGTTTTTTAAGGTTGTTTTTTAAA CTAAAAAAACCTAACTCATACAAACAAAAAAAAC
Rasgrf1 C AGGTAGGAGTATTAGTTGTGTTTGGGT CCCAATTATCATCAATTAAAAAATCATTAATCTAAAAACCAAAC
Rasgrf1 D TGGTTTTTAGATTAATGATTTTTTAATTGATGATAATTGGGT ATTCTATCCTTTAAAATAACCAATAAAAACACAATACACT
Rasgrfl E AGTGTATTGTGTTTTTATTGGTTATTTTAAAGGATAGAAT AAACCATCACAAAAAACCACACAACTC
Rasgrfl F GAGTTGTGTGGTTTTTTGTGATGGTTT TCCCTAATAACCAAAAAAAAACATTTTAAATCCCC
Rasgrfl G GGGATTTAAAATGTTTTTTTTTGGTTATTAGGGAT ACATTCTCAACAAAAACAATAACCTACCTA
Rasgrfl H TGTTTTTGTTGAGAATGTATGTGTTTAAGAGAGT ACCCAACTCTACATAAACCAAACAAAATAATACC
Rasgrf1 | GGTATTATTTTGTTTGGTTTATGTAGAGTTGGGT AACTTTATAAACTCTCTAAAAAATCCCCAAAATTCC
Rasgrf1) GGAATTTTGGGGATTTTTTAGAGAGTTTATAAAGT CAAAAACAACAATAATAACAAAAACAAAAACAATAT
Rasgrf1 K GTTATTGTTGTTTITTTTTTTTITTATTGTTTITGTTTTAGTTGTTA CAAAAACAATAAAAAAATAAACAATAAAAAAACAAAAACAATAC
Rasgrfl L TTGTTGTTTTTGTTTTATATTGTTTTTGTTTTAGATATTATTGTTG CAAATCTAATCTTCCTCATCAAAATATCTCCAACTA
Rasgrfl M TAGTTGGAGATATTTTGATGAGGAAGATTAGATTTG AACCATCCTAATTAACAAAACAAAACCC
Rasgrf1 N TTTTITGTTTGTTTTITAGTATGTTAAGATTGTAAATGTGAATT TTCCCAACCACATATAAATTCACATACCTT
Rasgrf1 O AAGGTATGTGAATTTATATGTGGTTGGGAA TCCATTCCTCCCTCCAAAAAAACAC

Rasgrf1 P AAATTTGAATTTGGAATATTTATTAGTTTGGGGGA ACCCTAAAAACAAAACAAATCAAAAACTCTCT
Rasgrf1 Q TTGTTTTTAGGGTTTTTTGTAAGTTTATTGGA ATAACCCCACATTTATTCAAATACAAAAACC
Rasgrf1 R TGGGAGGAAGGATTGTGTATATATGGAT ACTTCCAAAACACTCTCTCTACTTTCTCTA
Rasgrfl S GGTTTGAATTTGTTAGGTTATGAGTTTTGTATG CTACACAACCTATTTCTAACACTCAACC
Rasgrfl T GGGTATTTGATTTGTTAGTTGGTATTTATTAGTTA TAAATAACAACCTTCATCAACTTAATCTATAAAAC
Rasgrf1l U TAAGTTGGATGTTTAGGGATAGTGTTGTA TAACAAATAAACTCCCTACTACTCACTC
DIk1-GtI2 A GATAGGTTTTAGTGAATATTAGGGAGGTATTT CAAATCCCCTCAACACAAATTCTACA
DIk1-Gtl2 B AGGTTAAGATTTAATGATAGAAGGTTAGGTT TCTCCATTCTCTCCAACCAATAAAAAC
DIk1-Gtl2 C GTTTTTATTGGTTGGAGAGAATGGAGA TCTAAACATTTCTACACCCCCACC
DIk1-GtI2 D GTTTGGGATTTATGGGGTTATTTTAAGATTATT ACCACCTCAACACAACTACATA
DIk1-Gtl2 E AGGGAATAGGATGTATTATGGAGTAATGT AAACACCTAACCTATATTACAATACATCCATA
DIk1-GtI2 F ATATGGATGTATTGTAATATAGGTTAGGTGTT AATACACCATAACATAAACATAAAAATCCACAA
DIk1-GtI2 G GTGTTGTAATTAGTTATAGTGGAGAGTATGTT TCCCCCCACCAAAAACTAACC
DIk1-GtI2 H TTATTATTTTGTGGTTATTTTTATTTAGAGAAAGTTTTATTGTTGT TCCTTAAAACCCTCAAAAAACCAAATTATAATCTC
DIk1-Gtl2 | AGGAAGGGTAGTAGGGAATTTGTT ATCCAACCCAACCAAATCCATAAAC
DIk1-Gtl2 ) GGTGGGAGAGAAGAGTTGTATAATGTT TCTATCTAACTCCAAAAACAAACATCCTAA
DIk1-GtI2 K GTTTTTGGAAGGTAGTTTGTGTTTGT CCCTCCAAATTAACTCCTCAATAAATATCC
DIk1-Gtl2 L TGGAGGGTTAAGTGGGTTAGTTTTAAG CCCTAAATCAACTATAAAAATATATATACCAACAA
DIk1-GtI2 M GTTTTTTAGTTGGGAGATATAGGAATATAGTTTAT AACAACCACTAACTCCCTAAAAAAAAAATC
Snrnp70 TTATTTTTAGAGGTAAGTTAAGGTGGAAAAG AAAACTTAACCCTAAAAACCCTAATAACC
Pard6b GGATTAGGTGATTGATATGATGATAGTTAATAGT ACTTTCCAACTCTATATCCAAACTACC

Lambda DNA A
Lambda DNA B

GTTATTTTAAAATGTTGTTGGGTGTTTAT
GTTTTGGTTGGAGTTAGTATGGAATAGTAA

CCTATTCAATATCATCATCAAAAACAA
ATTCTAAATACCATTATACAAACCTCACAATA

*Primers designed on the antisense strand.




Table S2. Genomic coordinates of the DMRs (NCBI37/UCSC mm9)

Gametes Blastocyst 12.5 dpc embryos
DMR/gene Chr. Start End Start End Start End
Maternally methylated DMRs
Nespas-Gnasx/ 2 174119863 174126564 174118500 174126564
Gnas 1A 2 174150877 174154638 174152576 174154868
Pegl10 6 4696743 4699483 4696870 4699481 4695330 4699483
Mest 6 30684932 30689966* 30684007 30689966*
Peg3 7 6679787 6684257 6680019 6685400
Snrpn 7 67147381 67151583 67147381 67151583* 67148447 67152351
Kcnglotl 7 150480736 150482810 150479567 150482810
Zacl 10 12809697 12812131 12809759 12811804
Grb10 11 11925127 11927100 11925579 11927100
U2af1-rs1 11 22871610 22874212 22871765 22874253
Igf2r 17 12934169 12935816 12934169 12935733
Impact 18 13130435 13133510 13130748 13133258 13130575 13133135
Paternally methylated DMRs
H19 7 149764673 149771930* 149765988* 149768424 149763126* 149768106
Rasgrfi 9 89767090* 89775128* 89771586 89781405
DIk1-Gtl2 12 110762703* 110773093* 110765274* 110765627 110765707 110769060

*Precise endpoint not determined (information based on the tentative endpoints).
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