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methylation of known maternal germline differentially methylated regions (DMRs) at
imprinted loci (Supplementary Fig. 2).

CpG methylation overall, and in CGI and repetitive element contexts, showed a dynamic
profile during oocyte growth: 0.5% of all CpGs assessed by RRBS were highly methylated
in d5 oocytes (=80% methylation), 11.3% in d20 germinal vesicle (GV) and 15.3% in
ovulated metaphase 11 (M) oocytes. CpG methylation was lower overall in mature oocytes
than sperm (24.9% of CpGs highly methylated in sperm), consistent with previous
observations on repetitive elements10; methylation in a CGI context, irrespective of location
with respect to genes, was markedly lower in sperm (Fig. 1a, Supplementary Fig. 3a-b & 4).
Using a threshold for scoring CGls that reads should cover >10% of the CpGs per CGI (see
Methods for a full account), we obtained information on ~15,000 (~65%) of the extended set
of CGls recently identified by CAP-Seq!l, and identified 1062 methylated CGls (=75%
methylation) in mature oocytes (Fig 1b-c; Supplementary Table 1). By extrapolation, there
may be ~1600 fully methylated CGls in mature oocytes. Of interest, we found that the CGls
associated with the major promoters of Dnmt3band Dnmtl (Dnmt1s) were methylated (Fig.
1d,e, Supplementary Fig. 9). Eighty-nine CGls identified as methylated in MIl oocytes were
not fully methylated in GV oocytes, demonstrating that CGls acquire methylation at
different rates during oocyte growth, as reported for germline DMRs2-123 (Supplementary
Table 2). In sperm, we identified 185 fully methylated CGls, 58 of which were methylated
exclusively in sperm and 100 were also methylated in mature oocytes (27 of the CGls
methylated in sperm were not informative in mature oocyte datasets) (Fig 1b-c;
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we performed RRBS on blastocysts (E3.5). This was validated by the expected degree of
methylation at twelve known maternal germline DMRs (range 45.2%-58.7%). Consistent
with genome-wide erasure, there was a substantial reduction in the proportion of methylated
CpGs (=60%) across the genome or within CGIs compared with gametes (Fig. 3b,
Supplementary Fig. 8a). Crucially, a minority of CGls methylated in germ cells showed
complete protection from demethylation: only ~15% of CGls methylated in oocytes retained
>40% methylation in blastocysts (Fig. 3b, c). This substantial post-fertilisation
reprogramming suggests that most CGI methylation in oocytes and sperm is unrelated to
imprinting, and argues that maintenance of methylation in preimplantation embryos is a
decisive factor in imprinting.

However, we observed that most CGls methylated in oocytes displayed greater levels of
methylation in blastocysts than expected if they were fully subject to passive demethylation,
by which methylation should be <2% by the 32-cell stage. This was striking, as very few
CGls are methylated in blastocysts (Fig. 3b, ¢, Supplementary Fig 8b, c). To examine the
degree to which gametic methylation is a factor in CGIl methylation in preimplantation
embryos, we looked at the dependence of methylation in blastocysts on prior methylation in
gametes. Of 280 CGls displaying intermediate methylation levels (25-40%) in blastocysts,
the vast majority (234; 83%; p<0.001, X2 test) were fully methylated in MI1 oocytes
(including 27 CGls methylated in both oocyte and sperm) (Supplementary Fig. 8d). In
contrast, less than 0.5% of CGls unmethylated in both gametes are methylated >25% in
blastocysts (Fig. 3c, Supplementary Table 1). To investigate whether CGI sequence
influences the likelihood of maintaining methylation, we checked how the properties of
CGls highly methylated in MII oocytes (=75%) differed according to methylation level in
blastocysts. For most parameters the differences were minor, but there was a tendency for
CGls retaining higher levels of methylation to be shorter and to be intragenically located
(Supplementary Fig. 8e, f). To validate CGI methylation allele-specifically, we examined a
selection of CGls in C57BL/6JxCast/Ei hybrid embryos by conventional bisulphite
sequencing. As exemplified by the Sy#2locus, the CGl is fully methylated in oocytes and
the maternal allele partially retains methylation in blastocysts (Fig. 3d, Supplementary Fig.
9). For CGils specifically methylated in sperm, there was less evidence for substantial
maintenance of methylation in blastocysts (Fig. 3c, Supplementary Fig. 9). These findings
extend observations of Borgel ef al. who, from MeDIP-chip analysis of promoter
methylation in preimplantation embryos, identified some non-imprinted sequences that resist
demethylation in preimplantation development2°. Thus, CGI methylation status in gametes
strongly predisposes towards methylation in blastocysts, either by incomplete post-
fertilisation demethylation of methylated CGls, or because some legacy of gametic
methylation instructs their re-methylation in a subpopulation of cells. By either mechanism,
mosaicism of CGI methylation patterns between blastomeres is predicted to arise. This does
not exclude a contribution of de novo methylation, as some CGIs unmethylated in gametes
have become methylated in blastocysts (Fig. 3c, Supplementary Fig. 8d, Supplementary
Table 1), including genes involved in trophectoderm developmentZ6.

In conclusion, we reveal the extent and dynamics of CGI methylation in oocytes; this
provides an important reference by which to judge future studies on mechanisms of de novo
methylation in germ cells. A comprehensive account of the differential CGl methylation in
male and female gametes is also a prerequisite for defining the full repertoire of imprinted
genes and the mechanistic basis of parent-of-origin expression effects in somatic tissues. We
also describe an unexpectedly complex fate of gamete-derived methylation after fertilisation.
Rather than a binary choice, with DMRs characterised by absolute maintenance and other
gametic methylation comprehensively lost through active demethylation or lack of
maintenance during the first cleavage divisions, our analysis suggests a greater diversity of
methylation choices. This diversity might lead to the establishment of epigenetic mosaicism
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within the early embryo, which might have the potential to influence first lineage
specification?’
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H3K4me3 immunoprecipitation (39159, Active Motif) was performed as described
elsewhere2? with minor modifications. ChIP was performed in duplicate from 3200 oocytes.
Illumina Libraries were generated (input and IP) using an NEBNext kit (Set 1, NEB), except
that adapter ligation was performed as for RRBS. Sequences were aligned using an
ungapped Eland alignment with default stringency parameters. Owing to high background
results from the limited starting material, reads from duplicates were combined. Technical
assessment was made by comparison with ES cell H3K4me3 ChlP-Seq datasets
(GSM594581 and GSM535982)11,30,

Direct Bisulphite Sequencing

DNA was purified by proteinase K digestion and phenol-chloroform extraction, spiked with
Lambda DNA and bisulphite treated (Zymo). Each PCR comprised a minimum of 50
oocytes or 2-3 blastocyst equivalents. Cloning and analysis were performed as described
elsewhere3!, with removal of clones with identical patterns of conversion. Primers used for
the amplification of specific CGls from bisulphite modified DNA are given in
Supplementary Table 4.2.

Statistical analysis

For categorical data, such as distribution of CpGs or CGls methylation, X? tests were
applied. For quantitative data, Mann-Whitney U tests (between 2 groups) and Kruskall-
Wallis tests (between more than 2 groups), were applied.

Additional information

Dataset analysis was based on build NCBIM37/mm9 of the mouse genome and performed
using Segmonk (http://www.bioinformatics.bbsrc.ac.uk/projects). Promoter CGls were
defined as overlapping an annotated TSS (EnsEMBL, Refseq or UCSC); intragenic CGls as
overlapping an annotated gene without its TSS; intergenic CGIs were not overlapping
annotated genes or promoters. Promoters were defined as the region 2kb upstream of
annotated TSS. For repetitive element analysis, positions of individual instances of LINE,
SINE, tandem repeats, long terminal repeats (LTR) and low complexity regions (LCR) were
extracted from EnsEMBL. The overlap between full length CGls and individual repeat types
was determined as percentage of the CGI length using a custom Perl script. CpG periodicity
was determined as the distribution of inter-CpG distance (from C to C) between all pairs of
CpGs in each region, averaged over all of the regions in a particular grouping.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. DNA methylation landscape in oocytes and sperm determined by RRBS
a-b, Distribution of CpG methylation levels across the genome (
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Figure 2. Mechanism of DNA methylation establishment in cocytes

a, Distribution of CpG methylation levels across the genome in Dnmit3a—/- and Dnmit3L—/-
oocytes and their wild-type counterparts (+/+); the number of CpGs analysed is indicated in
Suppl. Fig 1b (***: p<0.001, X2 test). b-c, Methylation levels of CGls in Dnmt3a—/- and
Dnmt3L—/- oocytes; only those CGls for which methylation was =75% in the corresponding
wild-type oocytes are displayed. d, Overall correlation between H3K4me3 enrichment
determined in d15 oocytes by ChIP-seq and methylation status of CGls (all CGls
irrespective of genomic location; ***: p<0.001, Mann-Whitney U test).
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Figure 3. Biological significance and fate of CGI methylation in oocytes

a, mMRNA expression levels in d10 and GV oocytes of the genes associated with methylated
CGls, either promoter (red, n=410) or intragenic (blue, n=555). b, Methylation levels in
blastocysts of the CGls identified as methylated in mature oocytes; twelve known germline
DMRs with informative coverage are displayed in red (range 45.2%-58.7%). ¢, Range of
methylation in blastocysts of the CGls methylated specifically in oocytes (n=803) or sperm
(n=51), methylated in both oocytes and sperm (n=86) and unmethylated in gametes
(n=11512). d, Bisulphite sequencing in GV oocytes, sperm and C57BL/6JXCAST/Ei hybrid
E3.5 blastocysts of the Syz2 CGI. Bisulphite sequence profiles from the maternal (mat) and
paternal (pat) alleles in blastocysts were discriminated by polymorphisms between C57BL/
6J and CAST/Ei. Open circles represent unmethylated CpGs and filled circles methylated
CpGs.



