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Abstract

Background: Previously, a role was demonstrated for transcription in the acquisition of DNA methylation at
imprinted control regions in oocytes. Definition of the oocyte DNA methylome by whole genome approaches
revealed that the majority of methylated CpG islands are intragenic and gene bodies are hypermethylated. Yet, the
mechanisms by which transcription regulates DNA methylation in oocytes remain unclear. Here, we systematically
test the link between transcription and the methylome.

Results: We perform deep RNA-Seq and de novo transcriptome assembly at different stages of mouse oogenesis.
This reveals thousands of novel non-annotated genes, as well as alternative promoters, for approximately 10 % of
reference genes expressed in oocytes. In addition, a large fraction of novel promoters coincide with MaLR and ERVK
transposable elements. Integration with our transcriptome assembly reveals that transcription correlates accurately
with DNA methylation and accounts for approximately 85–90 % of the methylome. We generate a mouse model in
which transcription across the Zac1/Plagl1 locus is abrogated in oocytes, resulting in failure of DNA methylation
establishment at all CpGs of this locus. ChIP analysis in oocytes reveals H3K4me2 enrichment at the Zac1 imprinted
control region when transcription is ablated, establishing a connection between transcription and chromatin
remodeling at CpG islands by histone demethylases.

Conclusions: By precisely defining the mouse oocyte transcriptome, this work not only highlights transcription as a
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early oocyte growth but degraded before the completion
of oocyte development.

To circumvent these limitations, we generated strand-
specific RNA-Seq libraries using ribosomal RNA depletion
on oocytes isolated at different stages of follicular growth
(i.e., non-growing oocytes (NGOs); growing oocytes (GOs;
GO1 for mice aged 8–14 days post-partum (dpp), GO2



the same approach as in Figure S1b in Additional file 1),
and logically the overlap is greater for more highly
expressed genes (Figure S2a in Additional file 1). We
also validated by RT-PCR a random selection of novel
genes (14) with a 100 % success rate for both multi- and
mono-exonic genes (Figure S2b in Additional file 1).

While novel genes represent 23.1 % of all expressed
genes in our oocyte transcriptome, they are, on average,
shorter than reference genes (median of 2.5 kbp and
19.1 kbp, respectively) and represent only 7.6 % of the
genomic fraction occupied by all expressed genes. In
addition, the expression level of reference genes is sub-
stantially higher than that of novel genes (median FPKM
of 2.65 and 0.19, respectively, from GO2 oocytes; Fig. 2a).

It is legitimate to assess what proportion of the novel
oocyte genes is likely to have biological function. There-
fore, we tested the potential of novel transcripts to
encode proteins through the use of the specialised pro-
grams Coding Potential Calculator (CPC) and Coding-
Non-Coding Index (CNCI) [28, 29]. CPC identified 841
mono- and 834 multi-exonic genes (18.6 % of all novel
genes) and CNCI 100 mono- and 188 multi-exonic
genes (3.2 %) as having coding potential. Even if predic-
tions based on such bioinformatic tools must be consid-
ered with care (the overlap between CPC and CNCI is
small — 171 genes), this suggests that we have identified
a substantial number of ncRNAs. Interestingly, novel
genes that appear to be oocyte-specific as they are not









(see below). Another explanation for this could relate to
DNAme spreading, as observed in different contexts



of methylated CpGs in oocytes. Similarly, novel genes
and TE-regulated transcripts account for 2.9 % and
5.7 % of methylated CGIs, respectively.

Some expressed genes escape DNA methylation
If transcription were the predominant factor in deter-
mining DNAme in oocytes, it would be surprising to
find active transcription units devoid of DNAme.
Therefore, we investigated HypoDs for which our oo-
cyte annotation revealed substantial overlap with tran-
scription. These correspond to 26.2 % of all HypoDs
(overlap of >50 % with transcription units), or 16.1 %
of the total length of HypoDs, which is quite a significant
proportion (Fig. 3g; Figure S5c in Additional file 1). Of
note, transcribed HypoDs are relatively small (median
length 9.4 kbp), with 51.9 % and 23.3 % of these domains
shorter than 10 kbp and 5 kbp, respectively. This size con-
sideration could explain why they escape de novo methy-
lation since short genes typically have low enrichment in
H3K36me3 irrespective of expression level [37].

We found that long transcribed HypoDs are frequently
associated with genes with very low FPKM values and,
in accordance with previous observations, we observed
that gene body DNAme levels are positively correlated
with transcription levels, likely reflecting degree of
H3K36me3 enrichment [4]; indeed, genes with <0.5
FPKM are more often unmethylated than methylated,
while the proportion of methylated genes increases with
increasing FPKM value (Figure S5e in Additional file 1).
We found that 46.2 % of transcribed HypoDs (median
length 14.7 kbp, accounting for 11.0 % of the total length
of HypoDs) are associated with genes with <0.5 FPKM.
In addition, we found that some of the HypoDs defined
(14.2 %; 972) correspond to alternative downstream pro-
moters active in oocytes according to our transcriptome
assembly; these are shorter on average (median length
4.4 kbp) and could be protected from de novo methyla-
tion by H3K4me2/me3 marks [15] (Fig. 3g; Figure S5c
in Additional file 1). Taking into consideration our
transcription-based model for de novo DNA methyla-
tion, 9.2 % of all HypoDs (3.7 % of total length of
HypoDs) appear to be transcribed (>50 % overlap)
but their methylation status is not directly explained
(Figure S5d in Additional file 1).

This prompted us to investigate how many expressed
genes escape DNAme. We first identified 318 genes with
gene-body DNAme <25 %, but with characteristics of
normally methylated genes (FPKM > 1 and at least 10
kbp in size). To examine this further, we generated con-
tigs (at least three mapped reads) for each dataset and
analysed the methylation level of each gene using a run-
ning window strategy. This approach was used to limit
potential Cufflinks artefacts, where only a fraction of the
wrongly annotated gene would actually be transcribed

and methylated. This confirmed 52 large and highly
expressed genes (41 genes present in the reference anno-
tation) as unmethylated throughout their entire gene
body, and therefore in contradiction to our transcription-
based model (Table S3 in Additional file 2). Of note, these
genes are expressed at high levels throughout folliculogen-
esis, prior to and after the onset of DNAme targeting. Al-
though gene ontology analysis failed to report significant
enrichment for the 41 reference genes, it nevertheless
regrouped genes important for meiosis and germ cell de-
velopment (



(Chi-squared test, p value <0.0001). Similarly, we ob-
served a tendency for DNAme to extend beyond the 3′
end of a gene (for the top 40 % of genes based on their
expression, DNAme is still above 75 % at 1 kb down-
stream) and 18.7 % of methylated intergenic CGIs over-
lap with the first 1 kbp downstream of a gene. For the
remaining TSSs and intergenic CGIs, we investigated
their methylation level in NGOs, oocytes deficient in
DNMT3A and DNMT3L, and sperm, but found less
than ten to be methylated in these cases.

We next asked whether all CGIs located within tran-
scription units acquire DNAme, as might be predicted
from a transcription-based model. Out of the 2863 intra-
genic unmethylated CGIs, 41.5 % are in close proximity
(within 2 kbp) of the most upstream TSS, or overlap-
ping, or in close proximity to a “downstream”





a previously published micro-ChIP protocol [44]. We pre-
pared chromatin from ~2000 growing oocytes (15 dpp)
for each genotype (Zac1o+/+ and Zac1o−/−), performed
immunoprecipitation followed by whole genome amplifi-
cation in duplicate with multiple quantitative PCR assays
per genomic location (intergenic, intragenic, igDMR). To



from GO1 and GO2 were prepared using ScriptSeq v.2
RNA-Seq Library Preparation Kit (Epicentre). To generate
sequencing libraries from NGOs and FGOs reverse tran-
scription was performed using SuperScript III (Life Tech-
nologies), followed by second DNA strand synthesis using
dUTPs instead of dTTPs and DNA polymerase I (NEB); li-
braries were constructed using the NEBNext DNA Library
Prep Master Mix Set for Illumina (NEB), including dUTP
excision step by USER Enzyme (NEB) before PCR.

Library sequencing and mapping
NGO, GO1, GO2 and FGO RNA-Seq libraries were se-
quenced with 100-bp paired-end reads on an Illumina



Ensembl, UCSC and RefSeq gene models downloaded
from UCSC Table Browser as available on 1 October
2014. Genes were defined as in Cuffcompare within
Cufflinks v.2.1.1 output. Oocyte gene coordinates were
defined as the most upstream start and the most down-
stream end coordinates from all transcripts per gene.
Transcripts were categorised into reference and novel by
Cuffcompare, with categories =, c, j, and o marking the
transcripts of reference genes and categories i, u, and x
novel transcripts.

CGIs and igDMRs were defined as published [7, 9, 49,
50] and lifted over using the UCSC liftover tool into the
GRCm38 assembly, removing CGIs on Y chromosome.
CGIs were classified as TSS-associated if they overlap
the most upstream TSS of a gene ±100 bp, intragenic if
they overlap the gene but are not at the TSS, and inter-
genic without gene overlap. Coordinates for TEs (L1 and
L2 LINEs, S2 and S4 SINEs, ERV1s, ERVKs, ERVLs,
MaLRs) for the mouse GRCm38 genome build were
generated using RepeatMasker. TSSs were classified
as CGI-associated if a first base pair of a gene or
transcript ±100-bp overlapped a CGI and as TE-
associated if a first base pair of a gene or transcript
overlapped a TE on the same strand.

Expression of assembled transcripts in published oocyte,
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Additional file 2: Supplementary Tables S1–S4. (PDF 240 kb)

Additional file 3: Supplementary methods, including more details
on the transcriptome assembly process. (PDF 107 kb)

Additional file 4: A table with the genomic coordinates of our final
definition of HyperDs and HypoDs (GRCm38 assembly). (XLSX 4255 kb)

Additional file 5: A gtf file corresponding to the annotation of
oocyte transcripts according to our transcriptome assembly
(GRCm38 assembly; this version does not include expressed
independent repetitive elements). (GTF 50970 kb)
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