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Fig. 2. DNA methylation profile of the Gpr1 DMR. (A) Bisulfite sequencing analysis of the Gpr1 DMR in wild-type and Dnmt3L™%~/~ mouse embryos and adult tissues. Each
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ylated Gpr1 DMR lost its mono-allelic methylation during gastrula-
tion. To explain the apparent contradiction of the Gpr1 DMR meth-
ylation status being unassociated with the imprinted expression of
either the Zdbf2 or Gprl genes, we focused on a long intergenic
non-coding RNA (lincRNA) located within the Gpr1-Zdbf2 locus
(Fig. 3A). This 114-kb lincRNA, which we named Zdbf2linc, had pre-
viously been identified in mouse ES cells by massively parallel
cDNA sequencing (RNA-seq) and chromatin immunoprecipitation
sequencing (ChIP-seq) [30]. Zdbf2linc is a splice variant of Zdbf2
that contains seven exons, including three unique exons within in-
tron 2 of the Gpr1 gene (exon A and B), the Gpr1/Zdbf2 intergenic
region (exon C), and exons 3, 4, 6, and 7 of the Zdbf2 gene (accord-
ing to NCBI RefSeq). A long-range splice form of Zdbf2linc lacking
exon C was also identified in ES cells by 5 rapid amplification of
cDNA ends (RACE) (Fig. 3A). Interestingly, the transcription start
site of Zdbf2linc overlaps the Gpr1 DMR. To determine if Zdbf2linc
is detectable in vivo and is imprinted, we performed RT-PCR and
allelic expression analysis in early to mid-term mouse embryos.
Zdbf2linc expression was detected from E3.5 to E7.5 (Fig. 3B and
C), during which time paternal-allele-specific expression was ob-
served (Fig. 3D). Quantitative RT-PCR showed higher expression
of Zdbf2linc than that of the original Zdbf2 coding variant (including
exon 5) in blastocysts and ES cells (Fig. 3C). Although Zdbf2linc was
undetectable at E9.5, the expression of the original Zdbf2 variant
was clearly detected (Fig. 3B). Interestingly, the timing of Zdbf2linc
repression was nearly identical to that of the loss of the differential
methylation of the Gpr1 DMR. Furthermore, Dnmt3L™%~/~ embryos
showed biallelic expression of Zdbf2linc. These findings indicate

that methylation at Gpri DMR may directly repress Zdbf2linc
expression in cis.

3.4. Erasure and re-establishment of paternal-allele-specific
methylation at Zdbf2 DMRs

While the methylation of Gprl DMR and Zdbf2linc expression
were correlated in cis, the epigenetic regulation of the original
Zdbf2 variant, which is expressed exclusively from the paternal al-
lele after the E9.5 stage (Fig. 3B), remains unclear. We therefore
investigated the methylation patterns of the Zdbf2 DMRs present
in the intragenic region of Zdbf2linc. All DMRs showed male-
germ-cell specific hypermethylation in previous studies [21-23]
and paternal-allele-specific hypermethylation in E9.5 embryos in
this study (Fig. 4 middle); however, our previous DNA methylome
analyses have shown that Zdbf2 DMRs are deeply undermethylated
in blastocysts [23]. Allelic methylation analyses performed in this
study further confirmed that both the paternal and maternal al-
leles are unmethylated at the Zdbf2 DMR3 in blastocysts (Fig. 4
left). Taken together, our results demonstrate that paternal-
allele-specific methylation of the Zdbf2 DMRs established in germ
cells are erased after fertilization and re-established after implan-
tation. Interestingly, biallelic hypermethylation of the Zdbf2 DMRs
was observed in Dnmt3L™*~/~ embryos at E9.5 (Fig. 4 right), which
is similar to the methylation pattern observed for the somatic DMR
(Nesp DMR) in the imprinted Gnas cluster [17]. This suggests that
not only are the Zdbf2 DMRs in the intragenic region of Zdbf2linc
somatic (secondary), but that the methylation of Zdbf2 DMRs is
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positively correlated to the expression of the original Zdbf2 variant
in cis after gastrulation.

4. Discussion

We identified a novel, long, imprinted, non-coding variant of
the Zdbf2 gene, Zdbf2linc, which is transcribed from the Gprl
DMR during the blastula and gastrula stages of mouse embryonic
development. Furthermore, we found the paternal-allele-specific
expression of Zdbf2linc to be negatively correlated with germline-
derived maternal methylation at the Gprl DMR. The Gpr1 DMR
was also shown to display complete biallelic methylation, while
Zdbf2linc was rarely expressed in the post-gastrulation. It is un-
known why the Gpr1 DMR becomes hypermethylated after gastru-
lation; however, our results indicate that methylation at this DMR
may repress the transcription of the Zdbf2linc variant in cis. The
Zdbf2 DMRs located within the transcribed region of Zdbf2linc were
also shown to be secondary DMRs, with paternal-allele-specific
methylation established after implantation. The imprinted Gpri-
Zdbf2 locus therefore has two similarities with the Gnas-Nespas,
Kcnglotl, and Igf2r-Airn imprinted clusters: (i) two differential
states of imprinted methylation; namely, maternal-allele-specific
methylation at gametogenesis and paternal-allele-specific methyl-
ation after fertilization, and (ii) transcription of long non-coding

RNAs from each maternally methylated primary DMR (Fig. 5).
Recently, lincRNAs have become a new paradigm for gene regula-
tion via chromatin remodeling in a variety of biological processes,
including events during embryonic development such as X chro-
mosome dosage compensation [31,32], regulation of Hox genes
[33], or genomic imprinting. The non-coding RNAs of the well-
studied imprinted clusters Nespas, Kcnglotl, and Airn repress
neighboring genes in cis [24-26], suggesting that the transcription
of imprinted Zdbf2linc may also have a similar cis-regulating effect
on flanking genes.

Allele-specific expression analyses using the heterozygous off-
spring of homozygous Dnmt3L-deficient females demonstrated
that the imprinted expression of both Zdbf2linc and the original
Zdbf2 variant are subject to maternal methylation imprinting,
whereby the original Zdbf2 variant maintains paternal-allele-spe-
cific expression even after the gastrula stage, and Zdbf2linc and
Gprl DMR imprinting loss occurs. It is also possible that another
mono-allelic epigenetic modification may become established
via long-range transcription of Zdbf2linc, or that paternal-
allele-specific methylation of Zdbf2 DMRs may arise through the
methylation of a transcribed region of Zdbf2linc. Some studies have
also suggested that histone modifications at imprinted domains
are a prerequisite for DNA methylation. Transcription across DMRs
has been shown to be associated with histone methylation changes
and the acquisition of genomic imprinting [26,27,34]. For example,
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Williamson et al. have shown that paternally expressed non-
coding Nespas transcription is required for the demethylation of
trimethylated histone H3 lysine 4 (H3K4), followed by DNA meth-
ylation at the somatic Nesp DMR [26]. Zdbf2linc has also been iden-
tified as a lincRNA on the basis of the trimethylation states of H3K4
at its promoter region and histone H3 lysine 36 (H3K36) along its
transcribed region, at least in ES cells [30]. Finally, the interaction
of DNMT3A with chromatin is inhibited by H3K4 methylation [35],
but promoted by H3K36 methylation [36]. Histone modifications
may therefore control imprinted gene expression prior to allele-
specific DNA methylation [5].

The imprinted Gpri1-Zdbf2 locus also has features distinct from
those of other imprinted loci. For instance, the primary Gprl
DMR does not maintain its mono-allelic methylation after fertiliza-
tion, while the secondary Zdbf2 DMRs are differentially methyl-
ated, even during gametogenesis. Furthermore, only paternally
expressed transcripts were identified in the Gpri-Zdbf2 cluster,
whereas the majority of imprinted clusters comprise both mater-
nally and paternally expressed genes. Although the true functional
roles of the Gpr1 and Zdbf2 genes remain unclear, we have herein
identified a novel imprinted lincRNA variant of Zdbf2 expressed
exclusively from the paternal allele in the early embryo. Further
investigations would elucidate the roles of the imprinted Gpri-
Zdbf2 locus and its lincRNA variants in the control of embryonic
growth and development.
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Introduction

DNA methylation is one of the epigenetic modifications in mam-
mals and affects the functional state of the genome. In the devel-
opmental process, cells arising from the single cell, i.e., fertilized
zygotes, give rise to various types of cells via epigenetic drive, and
cell differentiation is closely linked to the renovation of the epig-
enome. The mammalian genome contains tissue-dependent and
differentially methylated regions (T-DMRs) that exhibit cell-
type-specific DNA methylation levels.”? Thus, the sum of DNA
methylation status of T-DMRs is equivalent to cell-type-specific
DNA methylation profiles, i.e., cell differentiation is accompa-
nied by the construction of new DNA methylation profiles.

The first cell differentiation in mammalian development seg-
regates the trophoblast from the embryonic cell lineages. In mice,

these two cell lineages are specified by embryonic day 3.5 (E3.5),
which results in the formation of the trophectoderm (TE) and
inner cell mass (ICM) of blastocysts. The TE gives rise exclu-
sively to extraembryonic tissues, such as the placenta,* whereas
the ICM gives rise to the embryo proper, germ cells and some
extraembryonic membranes. As cach cell type has its own dis-
tinctive DNA methylation profile, it is assumed that cells of the
TE and ICM also have their unique DNA methylation profiles,
which suggests the presence of T-DMRs between the TE and
ICM (TE-ICM T-DMRs).

Differences in DNA methylation levels between extraembry-
onic and embryonic tissues were reported in the 1980s in stud-
ies using postimplantation-stage embryos. Hypomethylation in
extraembryonic tissues compared with embryonic tissues was
first found in the rabbit;® subsequently, it was confirmed in the
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mouse at the level of not only total DNA, but also at repetitive
elements and some unique genes.®® However, the process of the
establishment of such differences in DNA methylation remained
unclear because it was technically difficult to analyze the DNA
methylation state in trophoblast and embryonic tissues separately
using preimplantation embryos. Currently, this issue is explained
by chffexences in the extent of de novo methylatxon in the preim-
plantation stage, which was shown in a recent report that exam-
ined changes in DNA methylation levels via immunostaining
of mouse embryos at sequential stages using an anti-5-methyl-
cytosine (5-mC) antibody.” After fcrtlhnﬁon, there is a drastic
decrease in the content of 5-mC in genomic DNA.2 Thus,
5-mC is barely detected at the morula stage, which is followed by
de novo methylation that results in detectable levels of 5-mC in
E3.5 blastocysts. In the blastocyst, higher levels of the methylated
signal were observed in the ICM compared with the TE.? Based
on these findings, the wave of DNA methylation dynamics shown
in Figure 1 is currently well accepted.'® It should be mentioned,
however, that this wave represents the global change in the meth-
ylation level of the whole genome. In fact, some individual loci
and repetitive elements, in addition to imprinted gene loci, do not
follow this wave.”*'¢ In addition, recent reports suggest that the
conversion of 5-mC to 5-hydroxymethyl-cytosine accounts for
rapid reduction of 5-mC in male pronuclei in zygotes.'”'
Cultured stem cell lines have been derived from the TE and
ICM: trophoblast stem (TS) cells” and embryonic stem (ES)
cells,*' respectively. Because their developmental potentials
correspond well with their tissues of origin, these cells have been
used as in vitro models. It was reported that some lineage-specific
genes are regulated via DNA methylation in TS and ES cells.
ELFS5 is expressed specifically in extraembryonic tissues in mouse
embryos and is required for the maintenance of TS cells.”? In
ES cells, ELF5 expression is repressed by the highly methylated
status of the upstream region, preventing a trophoblastic cell fate.
In contrast, the Elf5 locus is not methylated in TS cells, which
express ELF5.% Conversely, we have reported that the pluripo-
tency-related genes PouSf1 and Nanog**? exhibit an expression
pattern that is opposite to that of Eff5.*** Namely, the Pou5fI
and Nanog loci contain T-DMRs that are hypermethylated in
TS cells and hypomethylated in ES cells. However, whether such
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T-DMRs between TS and ES cells (TS-ES T-DMRs) represent
faithfully TE-ICM T-DMRs has not been elucidated. It was
reported previously that the Pousfl and Nanog loci are scarcely
methylated in E3.5 embryos,*** but TE and ICM were not ana-
lyzed separately in these reports; thus, whether these loci are
T-DMRs remains unclear.

DNA methylation profiles reflect the multilayered regulation
of tissue-specific gene function.”® In addition, the analysis of
the methylation profile of 18 different tissues and cells revealed
that DNA methylation profiles reflect developmental similarity
and cellular phenotypes.® Thus, TS-ES T-DMRs potentially
represent the prime difference between trophoblast and embry-
onic cell lineages, and are considered as good candidates for
TE-ICM T-DMRs. In this study, we elucidated the DNA meth-
ylation status of TS-ES T-DMRs in trophoblast and embryonic
lineages in the mouse embryo to determine definitively whether
T-DMRs defined between TS cells and ES cells are established as
TE-ICM T-DMRs in the developmental process.

Results

Identification of novel TS-ES T-DMRs. In our effort to iden-
tify T-DMRs in the mouse genome, we sampled more than 200

- Notl recognition sites as potentially informative loci and exam-

ined their DNA mcthylatlon status using real-time quantitative
methylation-sensitive restriction enzyme PCR (MSRE-qPCR) in

_ various cells and tissues.*® Through this effort, we also identified
- several Not sites as potential TS-ES T-DMRs showing differen-

tial methylation levels berween TS and ES cells (data not shown).
Some of these sites were used in our previous reports to verify the
epigenctic integrity of TS and ES cells derived from somatic cell

nuclear-transferred embryos. 3

In this study, we selected 14 potential TS-ES T-DMRs from
the MSRE-qPCR data set based on the criteria mentioned in the
Materials and Methods. All of these loci were hypermethylated
in TS cells and hypomethylated in ES cells. We performed bisul-
fite sequencing analysis of the regions around these No#/ sites to
elucidate the regional DNA methylation status. Among them,
seven regions (Ff46, Bd22, Ef40, Hd20, Eb41, Ff36 and HfOL;
Group A) exhibited a markedly hypermethylated status in TS
cells (at least 40% higher in TS than in ES cells); thus, these
were confirmed as definite TS-ES T-DMRs (Fig. 2 and Table 1).
Five regions (Gc06, Eg01, Ef30, Ca37 and G620; Group B) also
showed higher DNA methylation status in TS vs. ES cells, but
with a moderate difference (30-40%). The other two regions
(Ec23 and He06) showed only a modest difference (<15%;
Group C). Thus, we successfully identified TS-ES T-DMRs
that are good candidates for T-DMRs between trophoblast and
embryonic cell lineages in vivo.

DNA methylation status of TS-ES T-DMRs in the extra-
embryonic ectoderm (ExE) and epiblast (Epi) of E6.5 embryos
and in E14.5 placenta. Having identified TS-ES T-DMRs, we
then analyzed their DNA methylation status in the ExE and Epi
of E6.5 postimplantation embryos to ascertain whether they were
methylated differentially in vivo. The ExE and Epi originate from
the TE and ICM, respectively. TS cell lines can also be derived

Volume 7 Issue 2

-72-



from the ExE of EG6.5 embryos;"™ thus, it is implied that stem
cells of the trophoblast lineage are maintained in E6.5 ExE. At
the Ddah2 gene locus, the epigenetic properties of the ExE were
reflected in that of TS cells.?

Among the TS-ES T-DMRs identified above, all seven loci
from Group A and four loci (Gc06, Eg01, Ca37 and Gb620) from
Group B showing <5% methylation in ES cells were selected
for analysis. The ExE and Epi from a single embryo were used
for single-locus analysis. Bisulfite sequencing analysis revealed
three types of methylation pattern. First, eight loci (546, HA20,
Eb41, Ff36, HfO1, Gc06, Eg0I and Ca37) were hypermethyl-
ated in ExE and hypomethylated in Epi (p < 0.01), as expected
from the methylation trend observed in TS and ES cells (Fig. 3A
and Table S1). Second, Ef#0 was also methylated differentially
between ExE and Epi, but the methylation trend was opposite
to that observed in cells in vitro (Fig. S1 and Table S1). Finally,
there was very little methylation difference at the G620 and
Bd22loci (<8%) between ExE and Epi (Fig. S1 and Table S1).

We also examined the methylation status of the three TS-ES
T-DMRs reported previously (Elf5, PouSfI and Nanog), >4
and observed that all three loci were hypermethylated or hypo-
methylated in ExE and Epi in the same manner as that observed
in TS cellsand ES cells (Fig. 3B and Table S1); namely, the Ef5
locus was hypomethylated in ExE and hypermethylated in Epi,
and converse findings were obtained at the PouSfI and Nanog
loci. Although the tendency of the methylation pattern was
consistent throughout every experiment; the extent of methyla-
tion varied among embryos at some loci. Most conspicuously,
between two embryos analyzed, the extent of methylation of
Pou5fl in ExE was lower in one embryo than in the other. This
may indicate that differential methylation is still in the process
of being established at E6.5; thus, some embryos are a little more
advanced than others. Nevertheless, these loci were confirmed as
T-DMRs between trophoblast and embryonic lineages in vivo at
EG6.5 (ExE-Epi T-DMRYs), as reflected in TS and ES cells.

Collectively, most of the TS-ES T-DMRs were ExE-Epi
T-DMRs and can be defined as trophoblast-embryonic T-DMRs
(T-E T-DMRs) in vivo. No common features were found among
these T-E T-DMRs regarding chromosomal location, relative
position to the nearest genes and CpG islands (Fig. $2).

We also checked whether T-E T-DMRs were hypermethylated
in the placenta. Bisulfite sequencing of the eight T-E T-DMR
loci was performed in mouse E14.5 placenta and showed that the
T-E T-DMRs were also hypermethylated in the placenta, almost
equally to that observed for E6.5 ExE, with only one exception:
Hd20 was scarcely methylated (Fig. S3). The methylation rates
in placenta were lower than those observed in TS cells, which
is consistent with our previous analysis using the MSRE-qPCR
method (unpublished data and ref. 34). In the present study, ExE
also showed a lower extent of hypermethylation compared with
that of TS cells. Previously, it was shown that the methylation
extent at the Pou5f1 and Ddah2 loci in the placenta and ExE was
lower than that observed in TS cells, respectively.®®* This may
reflect the heterogeneity of in vivo tissue samples.

DNA methylation status of T-E T-DMRs in human pla-
centa and ES cells. To investigate whether the cell-lincage-based
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differential DNA methylation pattern at T-E T-DMR loci is
also present in other mammalian species, we analyzed the DNA
methylation status in human samples. Because it is ethically dif-
ficult to use human carly-stage embryos, we used later-stage pla-
cental tissues.

The sequences of the eight loci confirmed as T-E T-DMRs in
mice (Ff46, Hd20, Eb41, Ff36, Hf0!l, Gc06, Eg01 and Ca37) are
conserved in the human genome (Table S2 and Fig. $4). We per-
formed bisulfite sequencing analysis of these homologous regions
using human cells and tissues. Placental villus samples from
gestational stages under 14 weeks (ul4wks) of pregnancy and
term placenta, and human ES (hES) cells were used as tropho-
blastic and embryonic samples, respectively. The bisulfite PCR
amplicons were designed to cover the conserved genomic regions
(Table S2). Conscquently, all regions examined were hypermeth-
ylated in ul4wks and/or term placental tissues and hypomethyl-
ated in ES cells (p < 0.01) (Fig. 4). These results demonstrate that
trophoblast cell-lineage-specific hypermethylation is conserved
between mice and humans at these T-E T-DMRs.

DNA methylation status of T-E T-DMRs in E3.5 blasto-
cysts. As shown above, cell-lineage-based differences between
trophoblast and embryonic cell lineages regarding DNA meth-
ylation exist at T-E T-DMR loci in E6.5 mouse embryo. To assess
whether this difference exists in E3.5 blastocysts, we collected
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Table 1. DNA methylation rate of TS-ES T-DMRs in TS and ES cells

| TSES(%) ;
70.8 2.2x10°
68.4

554
50.4

p value*

71/220 2. 2 X 10 N
15x102
4.8x107 C
: a0
’ *Number of methylated Cst/tota! number of CpGs analyzed using the blsulﬁte sequencing rllustrated in Flgure 2 **n values were calculated using

the nonparametric two-tailed Mann-Whitney test.

68/410

E3.5 blastocysts and isolated TE and ICM cells enzymatically, to
analyze their DNA methylation status separately.

“Because the number of TE and ICM cells available after com-
pletion of this separating method was very limited, we assessed
the fidelity of the bisulfite sequencing analysis using as few as 100
cells before the analysis of the TE and ICM cells. We designed
two ‘experiments with ~100 cells in which the methylation sta-
tus would be ~50% theoretically. First, we examined the DNA
methylation status of the /19 locus using two E3.5 blastocysts.
H19, an imprinted locus, is methylated only at the paternal allele
in E3.5 embryos.”” As shown in Figure S5A, both methylated and
unmethylated clones emerged, although the methylation rate was
not exactly 50%. Next, DNA methylation status was analyzed
at the Elf5 and Pou5f1 using a 1:1 mixture of TS and ES cells.
Trypsinized cells were counted and collected under a dissecting
microscope, and 50 cells of each type were combined to obtain
100 cells in total per analysis of each locus. The T-DMR at the
Elf5 locus was methylated at ~100% in ES cells and at ~0% in
TS cells, whereas that at the Pou5f7 locus exhibited the oppo-
site methylation pattern (reviewed in refs. 23 and 28 and this
study). Theoretically, the 1:1 cell mixture should exhibit ~50%
methylation at these two loci. In our study, although the meth-
ylation level was not exactly 50%, methylated and unmethylated
DNA strands were detected at both loci and the methylation rate
was around 50% (Fig. S5B). Therefore, we concluded that the
method adopted here provides the methylation status in samples
of ~100 cells, although its accuracy did not reach the predicted
methylation value exactly.

The results of the bisulfite sequencing analysis using TE and
ICM cells demonstrated that the three T-E T-DMRs Elf5, Pou5f1
and Hf0I were remarkably hypomethylated in both the TE and
ICM, and that there was no difference in DNA methylation rate
between the TE and ICM (p > 0.05) (Fig. 5A). The T-DMRs
at the Elf5 and Pou5fl loci were almost completely unmethyl-
ated, which is consistent with the results of a previous study based

A

is shown under each part
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on whole blastocysts. ™ Hf0I also showed a hypo-
methylated status; however, there were more methyl-
ated CpGs at this locus than at Eff5 and Pou5f] in
both the TE and ICM. To summarize, all three T-E
T-DMRs were in a state of hypomethylation in both
E3.5 TE and ICM. ;
Because the three T-E T-DMRs examined above gi .

gmmé

ot

- EB41

&wn{xﬂbzi i

- .
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appeared to be barely methylated and showed no
apparent difference between the TE and ICM, we

explored whether there was any DNA methylation
at other T-E T-DMRs in E3.5 blastocysts. Thus,
we evaluated the DNA methylation status of the
other eight T-E T-DMRs (Ff46, HA20, Eb41, Ff36,

Ge06, Eg01, Ca37 and Nanog) in whole blastocysts.
As shown in Figure 5B, we found that these loci

exhibited little or no methylation in E3.5 blasto-
cysts, which led us to conclude that all T-E T-DMRs

examined here were almost totally hypomethylated
in E3.5 blastocysts, whether in the TE or ICM.
DNA methylation status of T-E T-DMRs in E4.5
and diapause blastocysts. Having demonstrated that
all T-E T-DMRSs were scarcely methylated in blasto-
cysts at E3.5, we then examined the methylation sta-

_____ CITONN WP

tus of T-E T-DMRs in E4.5 blaStocysts"ﬁusl}ed out S
from uteri. The following four loci were selected for

examination: Ff#6, Eb4l (especially highly meth-

ylated in E6.5 ExE and in E14.5 placenta), Nanog
(the most methylated locus in E6.5 ExE) and Eff5
(the only locus that was hypermethylated in the
embryonic cell lineage examined in this study). We
observed that all four loci examined were hypometh-
ylated in E4.5 blastocysts, to the same extent as that
observed at E3.5 (Fig. 6A).

We also examined the DNA methylation status
of the four loci in diapause blastocysts obtained
via experimentally induced delayed implantation.
A slight increase in methylation rate was observed in diapause
blastocysts compared with E4.5 blastocysts; however, this dif-
ference was not significant, with the exception of the results

obtained for Elf5 (p < 0.01) (Fig. 6B).
Discussion

Here, we identified T-E T-DMRs that were methylated differ-
entially between trophoblast and embryonic cell lineages both
in vitro and in vivo. Regarding the correspondence between the
DNA methylation patterns in vitro and in vivo, this epigenetic
feature observed at our T-E T-DMRs is likely an inherent prop-
erty of each cell lineage. Using these T-E T-DMRs, we traced and
delineated the trophoblast/embryonic cell lineage differentiation
from the viewpoint of the DNA methylation profile and observed
that the T-E T-DMRs EIf5, Pou5f1 and Hf0I were scarcely meth-
ylated in both the TE and ICM. The nearly unmethylated sta-
tus observed in whole blastocysts was also present in all other
T-E T-DMR loci. Collectively, all T-E T-DMR loci examined
were almost unmethylated in E3.5 mouse blastocysts. This is of
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interest because the TE and ICM are specified distinctly to each
cell lineage; thus, each of these structures was expected to exhibit
a different methylation pattern at the T-E T-DMRGs.

It is known that the expression of Elf5, Pou5fl and Nanog
is regulated via DNA methylation in TS and ES cells.?#2%
However, in this study, these genes showed little methylation
both in TE and ICM, which exhibit a differential expression

pattern.??4! ‘This result indicates that the transcription of these

genes is not regulated in a DNA-methylation-dependent manner
in the blastocyst. In a recent study, an E/f5 transgene lacking
the differentially methylated region did not show cctopic expres-
sion in blastocysts.® Moreover, nuclear-transferred embryos with
no functional DNA methyltransferase can reach the blastocyst
stage.** Based on these observations, DNA methylation is consid-
ered dispensable in regulating the expression of the factors neces-
sary for TE/ICM differentiation.

The present study provides an additional epigenetic insight
into trophoblast/embryonic cell differentiation. We demonstrated
clearly that the trophoblast and embryonic cell-lineage-specific
DNA methylation patterns of T-E T-DMRs are set up by E6.5,

177

-75-



Blastocyst

stained

but not at E3.5. The comparison of E4.5 and diapause blastocysts
revealed the presence of a slight, yet significant, increase in the
DNA methylation level at the £/f5 locus in diapause blastocysts.
It is possible that de novo methylation gradually progresses in
the ICM during the few days of diapause. Alternatively, gradual
de novo methylation may have started in the advanced, already
implanted embryos at E4.5, which were not recovered by uter-
ine flushing. Nevertheless, our results demonstrate that de novo
methylation of T-E T-DMRs occurs after TE/ICM specification.

Our observations suggest that factors other than DNA meth-
ylation lead TE/ICM differentiation. In addition to the bal-
ance of key transcription factors and apical/basal cell polarity,
epigenetic modification on histone tails is another potential
differentiation-leading factor. The histone modification status
of some genes in the TE and ICM was analyzed previously in
reference 44. In the ICM, the promoter regions of PouSfI and
Nanog are enriched in H4K16 acetylation, which is a permissive
modification, whereas repressive modification of H3K9 dimeth-
ylation is depleted. In contrast, the converse is true in the TE.
These modification patterns correspond to the transcriptional
states of these genes. Furthermore, at an earlier stage after the
first cleavage, it is suggested that histone modification asymme-
try in two blastomeres functions as an epigenetic marker for cell

inE4.5
ET-D

tively. Ove ethylatl allocation in extraembryonic or embryonic lineages.” Together
petatmoer chotal) with our present results, these data imply that preceding histone
modifications may be landmarks for the establishment of tropho-

blast-specific DNA methylation profiles during trophoblast and

embryonic cell-lincage segregation, because interactions between
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histone modification and DNA methylation have been observed

4647 although whether this is true remains an

in many studies,
open question.

Our results also showed that TS and ES cells are distinct from
their corresponding tissues of origin in blastocysts. Based on
transcriptome analysis, some reports showed that the global gene
expression patterns of ES cells and the ICM are significantly dif-
ferent.®®# The present study confirmed this notion epigenetically
in TS cells and in the TE from the viewpoint of DNA meth-
ylation. There are two possible explanations for this: one is that
the culture conditions and microenvironment enhanced de novo
DNA methylation; the other is that there is a very small subset
of cells in blastocysts with a highly methylated status that are
selected to survive and expand in culture. Drastic changes during
the cell-line derivation process were reported recently in studies
of other aspects of the epigenome. One heterochromatic histone
modification is acquired during culture for ES cell derivation,
and culture conditions have some effect on this phenomenon.”
The stem cell derivation process from blastocysts is accompanied
by revisions of the epigenome.

Our observations suggest that, when TS cells are derived from
E3.5 TE, a TS cell-specific DNA methylation profile is acquired
during the cell culture process. In our previous study, TS cells
derived from blastocysts via nuclear }:raﬁsfeh‘(ntTS cells) exhib-
ited a DNA methylation status that was very similar to that of
TS cells derived from normally fertilized blastocysts,*® although
an aberrant methylation status has been reported for nuclear-
transferred preimplantation embryos.®* The present resules raise
a hypothesis to explain this observation: the DNA methylation
profile is processed as T'S cell-specific during cell-line derivation,
even if somatic cell-specific DNA methylation marks remain in
the TE of nuclear-transferred blastocysts.

Although TS cells can be derived from both types of tissue,
TS cells are distinct from the TE and are rather similar to the
ExE, from the viewpoint of the DNA methylation status of T-E
T-DMRs. Previously, it was reported that TS cell lines can be
derived from EG.5 ExE, but not from E3.5 TE in MAP3K4
(MEKK4)-deficient mice, suggesting a different capacity to
generate TS cells between MAP3K4-deficient TE and ExE.
This phenotype possibly involves differences in epigenetic status
between the TE and ExE.

In our MSRE-gqPCR screening for TS-ES T-DMRs, we did
not find T-DMRs that are hypermethylated specifically in ES
cells. The seeming inconsistency between the present study and
previous reports describing a hypomethylated genome in tro-
phoblast cells>® may be explained by the fact that we focused on
CpGs of Not/ sites, in contrast with the Hpall sites used in other
reports. Notl and Hpall have a different tendency regarding the
distribution of their recognition sites in the genome;** thus, the
TS-ES T-DMRs tended to be located in CpG-rich portions of the
genome (Table S3), where No#/ sites are preferentially located.
It has been suggested that 5-mC is converted to thymine (T)
via spontancous deamination.”” Due to 5-mC-to-T conversion,
CpG content might have gradually decreased over generations at
genomic regions methylated in the epiblast that give rise to germ
cells, which enriches the regions methylated in extraembryonic
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tissues among CpG-rich portions. This may underlie the unique
epigenetic profile of trophoblast cells.

The eight T-E T-DMRs identified here were hypermethyl-
ated in trophoblast cells. Again, this is in contrast with the con-
ventional understanding that global DNA methylation levels in
extraembryonic tissues are lower than those of embryonic tissues.
Previous reports indicated the hypomethylated status of pla-
centa and extraembryonic tissues,”*® as was the case for TS cells
(Fig. S6 and Table S4). Therefore, the significance of DNA meth-
ylation in trophoblast tissues has been downplayed. However,
this study showed clearly the presence of genomic regions that
were hypermethylated specifically in a trophoblast cell lineage,
independently from the bulk genomic DNA methylation levels.
A genome-wide survey of the promoter methylome in TS and ES
cells via immunoprecipitation analysis using an anti-5-mC anti-
body identified several promoters that are hypermethylated in TS
cells, and hypomethylated in ES cells.?’ Morcover, a genome-wide
DNA methylation analysis using 2 methylation-sensitive restric-
tion enzyme, restriction landmark genomic scanning (RLGS),
revealed that methylation and demethylation occur to change the
DNA methylation profile during the differentiation of rat tro-
phoblastic cell lines.” In mouse embryos and TS cells, the DNA
methylation status of the Ddah2 gene in the trophoblast changes

-during the progression of the differentiation process.*® As indi-

cated by these ﬁn&ings, the establishment and modification of
DNA methylation profiles clearly constitute the identity of tro-
phoblast cells.

We found that the regions in the human genome that are
homologous to ‘mouse T-E T-DMRs are also hypermethylated
in human placental tissues. A previous study of DNA methyla-
tion dynamics showed that the methylation level appeared higher
in the TE than in the ICM in human blastocysts, as assessed
using immunostaining;58 this is in contrast with observations
performed using mouse blastocysts.” Despite the presence of such
differences between species, we identified genomic regions that
were hypermethylated in trophoblastic tissues/cells and hypo-
methylated in embryonic tissues/cells, both in mouse and human
samples. The fact that the epigenetic marks specific to the tro-
phoblastic cell lineage were conserved across species raises the
possibility that these epigenetic marks are somewhat meaningful
for trophoblast identity.

In conclusion, the trophoblast or embryonic cell-lineage-based
DNA methylation profile is constructed during native develop-
ment after the segregation of the TE and ICM and during stem
cell derivation. The T-E T-DMRs identified here will be used
as an epigenetic indicator to advance the understanding of cell
differentiation between trophoblast and embryonic cell lineages.

Materials and Methods

Mice. C57BL/6N and C57BL/6] mice were purchased from
Japan CLEA and Charles River Japan, respectively. Both strains
gave equivalent results and the data in the present study are a sum
of the results obtained in these two strains. Animals were main-
tained under a 12 h light cycle. The experiments were performed
according to the guidelines for the care and use of laboratory
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animals (Graduate School of Agriculture and Life Sciences,
University of Tokyo).

Embryo collection and manipulation. Preimplantation
embryos were obtained from naturally mated or superovulated

mature female mice. Copulation was determined by the pres-
ence of a vaginal plug and EQ was assumed to be midnight. E3.5
and E4.5 blastocysts were collected according to the standard
protocol.” Briefly, blastocysts were collected by flushing uteri.
After the removal of the zona pellucida using acid Tyrode’s
solution, blastocysts were incubated in KSOM (ARK Resource)
containing Vybrant CM-Dil (1:200 dilution; Invitrogen,
V22888) for 15-~20 min at 37°C and 5% CO,. Labeled blas-
tocysts were washed in 0.25% PVP/PBS(-) several times. To
segregate TE from ICM cells, washed blastocysts were then
incubated at room temperature in 1.25% pancreatin (Wako
Pure Chemicals, 163-00142)/0.25% trypsin (Invitrogen)/
1 mM EDTA/PBS(-). Five minutes after the start of the incu-
bation, blastocysts were pipetted in enzyme solution through a
fine glass pipette (-50 pm diameter) to dissociate blastomeres.
The enzyme reaction was stopped with 10% FBS/PBS(-) before
the enzyme treatment exceeded 10 min. Cells with and without
Dil fluorescence were collected as TE and ICM cells, respec-
tively, under a fluorescence microscope equipped with micro-
manipulators (Olympus) (Fig. 7). ‘ ;

Induction of delayed Implantatlon was performed accord—
ing to the standard protocol,” with a slight modification.
Briefly, pregnant mice were ovariectomized in the morning of
E3.5 and injected daily with progesterone (2 mg per mouse).
Diapause blastocysts were recovered by fushing uteri 4 d after
ovariectomy.

E6.5 postimplantation embryos were obtained via natural
mating. The embryos were dissected from decidua in 10% FBS/
PBS(-). Reichert’s membrane and the primitive endoderm were
removed surgically using fine forceps. The ectoplacental cone
(EPC) was cut off and embryos were separated into extraembry-
onic ectoderm (ExE) and epiblast (Epi).

The cells and tissues collected were stored at -80°C until use.

Cell culture. TS cell (established in our laboratory) and ES
cell (MS12),%° lines of C57BL/6 background were used in this
study. Cells were maintained as described previously in reference
61 and 62.

Human samples. Human tissues were collected with permis-
sion from the Local Research Ethics Committees of the National
Center for Child Health and Development. Written informed
consent was obtained from all subjects. Chorionic villi were
obtained after elective termination of normal pregnancies under
14 weeks of gestation. Placental tissues were obtained from nor-
mal-term pregnancies after delivery. Samples were snap-frozen
for RNA and DNA isolation.

Genomic DNA samples of human ES celllines (khES1, khES2
and khES3) were provided by Dr. Nakatsuji (Kyoto University).

Screening of TS-ES T-DMRs from the MSRE-qPCR data
set. Vot sites to be analyzed by bisulfite sequencing in TS and ES
cells were selected from the MSRE-qPCR data set (unpublished
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dara and ref. 34). The detailed procedure used for MSRE-
qPCR analysis was described previously in reference 34. Briefly,
genomic DNA was incubated in the presence or absence of the
methylation-sensitive restriction enzyme No#/ prior to genomic
gPCR flanking a Not/ site of interest. The methylation level at
cach Notl site was estimated by the ratio of the amount of PCR
product from No#l-treated DNA to that from the No#/-untreated
DNA. In this study, potential TS-ES T-DMRs were selected
using the following criteria: >35% methylation in undifferenti-
ated/differentiated TS cells and <35% methylation in ES and EG
cells, or vice versa. All resulting Not/ sites appeared to be hyper-
methylated in TS cells. Among these Not sites, we were able to
design primer sets for bisulfite sequencing analysis for 14 loci.

Bisulfite sequencing analysis. With the exception of TS and
ES cells, bisulfite treatment of genomic DNA was performed
using the EZ DNA Methylation-Direct kit (Zymo Research,
D5020). Genomic DNA from TS and ES cells was purified and
then subjected to the bisulfite reaction using the kit. The proce-
dures were performed according to the manufacturer’s instruc-
tions, with a slight modification. Briefly, the last centrifugation
step before elution was performed twice, to dry the column com-
pletely, and the elution solution was preheated to 50-60°C. PCR
was performed using BIOTAQ HS DNA Polymerase (BIOLINE,
BIO-21040) with the following parameters: 95°C for 10 min, 43
cycles of 95°C for 30 sec, 55°C (or 58°C) for 30 sec, and 72°C
for 60 sec, followed by a step of 72°C for 2 min. The sequences
of the PCR primers and annealing temperatures used are listed
in Table S5. Bisulfite-treated DNA equivalent to approximately
100 TE or ICM cells, two blastocysts or 2.5-10 ng of genomic
DNA was used as a template. For human samples, genomic DNA
extracted from human ES cells and placenta was bisulfite treated
using the EpiTect Bisulfite kit (QIAGEN, 59104), and an aliquot
corresponding to 50 ng of untreated genomic DNA was used in
one PCR.

The PCR products were purified, cloned into the pGEM-T
Easy vector (Promega, A1360), and sequenced. Sequence analy-
ses and statistical comparisons (nonparametric two-tailed Mann-
Whitney test) were performed using the QUMA web service
(quma.cdb.riken.jp).®?
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Introduction

Throughout mammalian gametogenesis, dynamic DNA meth-
ylation changes occur in a sex- and sequence-specific manner.
These changes result in the establishment of oocyte- and sperm-
specific genomic imprints and unique methylation patterns of
repetitive elements via DNA methyltransferase activity [1-4]. This
process is indispensable for functional gamete and embryo
development. For example, sex-specific methylation imprints are
maintained throughout cell division after fertilization, despite
genome-wide demethylation and de nowo methylation during
embryogenesis. These imprints control parent-of-origin specific
monoallelic expression of a subset of genes, which are known as
imprinted genes [5-9]. In addition, DNA methylation during
spermatogenesis plays a crucial role in meiotic progression and

@ PLoS Genetics | www.plosgenetics.org

retrotransposon silencing [10-14]. However, little is known about
the profile and functional role of DNA methylation during
oogenesis, except for the establishment of genomic imprints.
Recently, the epigenetic modifications which are responsible for
regulating cell differentiation and embryo development have been
studied in detail by using high-throughput sequencing: bisulfite
sequencing (“BS-seq”); “Methyl-seq” with a methyl-sensitive
restriction enzyme; “MeDIP-seq” with methylated DNA immu-
noprecipitation; and “MBD-seq” with a methyl-DNA binding
domain protein antibody [15-26]. However, a major limitation of
epigenomic studies is the lack of a standard methodology for DNA
methylome analysis. Ideally, the gold standard is high resolution
and genome-wide methylome analysis of germ cells. However,
genome-wide methylome analysis of female germ cells has almost
never been performed due to the limited availability of samples.
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Shotgun bisulfite sequencing (SBS) may be able to overcome this
limitation and enable the determination of the cytosine methyl-
ation status of individual CpG sites at a whole-genome level
without a bias toward CpG-rich regions [22,23,26] and with only
relatively small-scale DNA samples [24,27]. As a result, in this
study, an improved SBS method for small-scale DNA samples was
used to analyze the DNA methylome of mouse germ cells. In
addition, the mouse germ cell transcriptome was investigated using
high-throughput ¢cDNA sequencing (mRNA-seq) to reveal rela-
tionships between DNA methylation and gene transcription in
both male and female germ cells.

Results

Genome sequencing

We performed SBS analysis by using MethylC-seq [22] and a
new SBS method called “whole bisulfitome-amplified DNA
sequencing” (WBA-seq). The MethylC-seq and WBA-seq libraries
were generated as shown in Figure S1. The MethylC-seq method
generated 1010 and 1085 million tags (reads) from germinal vesicle
(GV) stage oocytes and epididymal sperm, respectively. Oocyte
DNA libraries generated by MethylC-seq showed higher redun-
dancies than sperm DNA libraries. For example, 33.0% and 81.7%

Table 1. Summary of shotgun bisulfite sequencing data.

Mouse Gametic Methylomes and Transcriptomes

of the 21 million cytosines of CpGs in the mouse genome were
covered by at least 1 sequence read from GV oocytes and sperm,
respectively; whereas the average read depth (.., the number of hits
of reads that were mapped to a given position) was over 10x for
both germ cells (Figure S2). The WBA-seq method generated 307
and 397 million tags from GV oocytes obtained from wild-type and
Dumi3L-deficient (Dnmt3L™ ™) mice, respectively. WBA-seq librar-
ies for GV oocytes showed higher genome coverage (60% of
genomic CpGs were covered by at least 1 read) but with smaller
average read depth (7.4 ) than MethylC-seq Iibrary. Some reads
from the oocyte libraries strongly matched mitochondrial DNA
(mtDNA), satellite, low complexity, or simple repeat sequences
(Figure S3), which might have been due to a distinct genomic copy
number bias in the mitochondria of germ cells or an over-
amplification bias. Thus, SBS results were simplified by removing
the redundancy information (only mtDNA was separately examined
for DNA methylation) and combining MethylC-seq and WBA-seq
results for wild-type oocytes. Consequently, the average read depth
was 18.8x, 4.4 %, and 12.5 X for wild-type and Dnmt3L™ "~ oocytes,
and sperm, respectively, and 70.8%, 45.6%, and 79.9% of genomic

- CpGs were covered by at least 1 sequence read from each cell type

(Table 1 and Figure S3). Furthermore, the average read depths of
MethylC-seq of mouse blastocysts and embryonic stem cells (ESCs),
which served as zygote and stem cell controls, were 12.8 x and 6.1 x,
respectively (Table 1).

Methylome of mouse germ cells

The average methylation level of wild-type oocytes (40.0%) was
less than half that of sperm (89.4%) (Figure S4). This difference in
global DNA methylation between male and female germ cells was
consistent with results from the previous studies [28,29]. The
Drmt3L™"" oocyte genome was observed to be hypomethylated,
exhibiting a methylation level of only 5.5%. Furthermore,
blastocysts showed a lesser extent of methylation (21.3%) than
did wild-type oocytes; ESCs, on the other hand, showed relatively
high levels of methylation (70.6%). To elucidate the distribution of
methylation levels on CpG sites, on regional and genome-wide
scales, we created dot plots of CpG methylation for individual
chromosomes and histograms of the methylation levels for all
CpGs. These graphs revealed that hypermethylated CpGs in
oocytes tended to cluster in transcribed regions of particular genes
(e.g., Kengl or Rhm genes, known to be expressed in oocytes
[30,31]); the sperm genome was almost entirely hypermethylated,
except at most CpG-rich regions (Figure 1 and Figure S5).
Specifically, 55.7% of the CpGs in the ococyte genome exhibited
<10% methylation, whereas another 32.0% of CpGs exhibited
=90% methylation (Figure 2A). The Dnmt3L~"" oocyte genome
was also hypomethylated in almost all chromosomal regions
(Figure S6). The methylation level of the mtDNA genome in

Sample Method

MethylC-seq

Aligned tags (base)

51,166,451,066
a7262647
34,153,237,944 79.9%

16,691,289,063

Genome covarage Read depth

70.8%

63.4%

73.0% 38.9% 6.1

doi:10.1371/journal.pgen.1002440.t001
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Figure 1. High-resolution DNA methylome map of mouse distal chromosome 7 imprinting cluster. lllumina GenomeStudio viewer
displays the locations of genes in distal chromosome 7 {149,700,000-151,000,000). Black vertical bars represent the location of 4 repetitive elements:
LINE, SINE, LTR, and DNA transposons. Red, purple, blue, green, and khaki dots represent the methylation levels at individual CpGs in wild-type
oocyte, Dnmt3L™'" oocyte, sperm, blastocyst, and ESC genomes, respectively. Black line plots depict the distribution of CpG densities (number of
CpG per 200 nt) of individual CpGs. Open boxes represent the location of CpG islands (CGls). Red, purple, blue, and green boxes represent the
methylation levels at individual CGls in wild-type oocyte, Dnmt3L ™/~ oocyte, sperm, and blastocyst genomes, respectively, determined by our results
from shotgun bisulfite sequencing (SBS) method and Smallwood's results from reduced representation bisulfite sequencing (RRBS) method [38].

doi:10.1371/journal.pgen.1002440.g001

Dnmt3L™"" oocytes (4.4%) was lower than that observed in wild-
type oocytes (6.6%). Sperm methylation levels, by comparison,
were relatively high (14.7%), whereas those of the blastocysts and
ESCs were quite low (1.3% and 2.1%, respectively) (Figure S4).
Since previous studies revealed a significant correlation between
CpG frequency and methylation within intra- and intergenic
regions in somatic cells [32,33], the CpG density and methylation
levels were compared to identify genome-wide differential methyl-
ation patterns in germ cells. CpG density was defined as the number
of CpG dinucleotides in 200 nucleotide (nt) windows (e.g., 1 CpG
dinucleotide per 200 nt corresponds to a density of 0.005). At low
CpG densities (range, 0.005-0.05), the oocyte genome was about
50% methylated, whereas the sperm genome was 80-90%
methylated. At moderate to high CpG densities (range, 0.05-0.2),
both male and female germ cells were hypomethylated (Figure 2B).
Furthermore, 4 families of transposable elements (long interspersed
nuclear elements (LINEs), short interspersed nuclear elements
(SINEs), long terminal repeats (LTRs), and DNA transposons) were
moderately methylated in oocyte genomes but were hypermethy-
lated in sperm. In addition, a general trend towards higher
methylation levels at higher CpG densities in the oocyte genome
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occurred in LTRs. Conversely, a trend toward lower CpG
methylation levels at higher CpG densities in the wild-type oocyte
and sperm genomes was observed in SINEs and DNA transposons.
In contrast, all of these transposable elements were hypomethylated
in Dumt3L'" oocytes. Interestingly, however, there was partial
CpG methylation in LINEs and LTRs at relatively high CpG
densities (range, 0.03-0.1). These complete or partial under-
methylations were confirmed by bisulfite sequencing in L1 LINEs,
B1/Alu SINEs, and intracisternal A particle (IAP) LTRs (Figure
S7). These results suggested that each germ cell has a unique
sequence- and CpG-density-dependent methylation pattern. In
addition, oocyte CpG methylation, except in a subset of retro-
transposons, appears to be Dnmt3L dependent.

We also characterized the methylation patterns of 15 germline-
differentially methylated regions (gDMRs). The differential (between
oocyte and sperm) methylation occurs at imprinted gene loci (also
called imprinting control regions (ICRs)). The ICRs of maternally
methylated imprinted genes {(e.g., Nespas-Gnas) were shown to be
hypermethylated in oocytes but hypomethylated in sperm, while the
converse was true in ICRs of paternally-methylated imprinted genes
(eg., H19) (Figure 3 and Figure S8). Interestingly, only the Surpn
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Figure 2. Genome-wide methylation profiling of mouse germ cells. (A) Histograms of methylation levels of genomic CpGs in wild-type
oocyte, Dnmt3L ™~ oocyte, sperm, blastocyst, and embryonic stem cell (ESC) genomes. (B} CpG methylation levels are plotted as a function of CpG
density for the whole genome and 4 families of transposable elements (long interspersed nuclear element (LINE), short interspersed nuclear element

(SINE), long terminal repeat (LTR), and DNA transposon).
doi:10.1371/journal.pgen.1002440.9g002

gDMR was partially methylated (35.7%), whereas all other maternal
ICRs were hypomethylated in DamiSL™"" oocytes (Table 2). This
residual methylation might result in the stochastic acquisition of the
maternal imprint in the progeny of Dwmt3L~ "~ females [34]. These
results strongly suggested that the methylation level of individual
CpGs can be determined from DNA methylome maps with a high
degree of accuracy.

The study of mammalian DNA methylation patterns has
previously suggested that methylation predominantly occurs at
CpG sites; however, more recent studies, based on SBS methods,
have indicated that methylation at non-CpG sites also occurs in
human ESCs [22,23]. Detection of non-CpG methylation is one of
the applications of the bisulfite-based methylation analysis but is
problematic due to the incomplete conversion of cytosine, and
overestimates of such cytosine by PCR amplification, which
cannot be discriminated from true methylation. In order to
evaluate the methylation status of non-CpG sites and avoid these
problems, additional SBS analysis of mouse GV oocytes, sperm,
blastocysts, and ESCs was performed by a non-amplification
technique, termed Post-Bisulfite Adapter Tagging (PBAT) [Miura
F. & Ito T, personal communication]. All C (originally methylated
cytosine) and T (originally unmethylated cytosine) that mapped to
genomic CpG and CpH sites (H=A, T, or C) were counted. The
PBAT results showed CpG methylation ratios (C ratios =0.395,
0.748, 0.137, 0.615 in oocytes, sperm. blastocysts, and ESCs)
which are similar to the average methylation levels of individual
DNA methylome maps obtained by MethylC-seq and WBA-seq
among all examined cells. Interestingly, a relatively high fold
enrichment of non-CpG methylation was observed in GV oocytes
(C ratio = 0.034-0.038), but not in the other cell types, including
mouse ESCs (C ratio <0.01) (Figure S11).

Relationship between the DNA methylome and

transcriptome of mouse germ cells
To elucidate the interaction between intragenic DNA methyl-
ation and gene transcription, the correlation between promoter
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and gene-body methylation and expression levels for 20,854
different genes was examined. The mRNA-seq profiles for germ
cells and ESCs are shown in Table S1. The results showed that
mRNA transcript levels in oocytes were strongly correlated to
gene-body methylation levels (Spearman’s p>>0.5, p<<1x107?% but
were not significantly correlated to promoter methylation levels
(I p]<0.1) (Figure 4A). For example, the regions +2 to +5 kb from
the transcription start site (I'SS) and 0 to —5 kb from the
transcription termination site (T'TS) were hypermethylated (60—
90% methylation) for the top 20% of expressed genes but were
hypomethylated (10-30% methylation) for the bottom 20% of
expressed genes. However, areas near the T'SS (2500 base pairs
(bp)) were hypomethylated (10-20% methylation) in all genes,
regardless of their expression level. In contrast, in the Dnmt3L™ 7~
oocyte genome, the correlation between gene expression and gene-
body methylation was very weak (| p|<<0.1) (Figure 4B). In the
sperm genome, promoter methylation was negatively correlated
(Spearman’s p=—0.36, p<Ix107% with gene expression,
whereas gene-body methylation was positively correlated (Spear-
man’s p=0.14-0.16, p<<1x107% to gene expression; the latter
correlation was weaker than that observed in the oocyte genome
(Figure 4C).

Role of Dnmt3L in the DNA methylome/transcriptome
relationship

Further investigation of gene expression patterns in oocyte
genomes revealed that the mRINA transcript levels between wild-
type and Dmmt3L™’" oocytes were very highly correlated
(R?=0.9611) (Figure 5A). In fact, there were no significant
differences in the expression levels of representative oocyte-specific
genes (e.g., Gdf9, Bmpl 5, Bel2l10, Zpl, Zp2, Zp3, Zarl, Npm2, Nlrp5,
and Dppa3, which are responsible for ovarian follicle formation,
reproduction, and early development [35]) and DNA methyl-
transferase genes (e.g., Dnmtl, a maintenance methyltransferase,
and Dnmi3a and Dnmit3b de novo methyltransferases); the expected
difference in the expression level of Dnmi3L between wild-type and
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Figure 3. High-resolution genome-wide mRNA expression and CpG methylation profiling. GenomeStudio view of mRNA-seq data and
CpG methylation map of the genomic region spanning the Nespas-Gnas maternally imprinted locus. (Top) Genomic stacked alignment plots of wild-
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doi:10.1371/journal.pgen.1002440.g003

Dnmt3L™7" oocytes was observed (Figure 5B, 5C). These results
suggested that changes in gene expression did not occur during
oogenesis, despite global intragenic hypomethylatlon in Dnmi3L~ 7~
oocytes. Furthermore, the expression levels and exon patterns of
maternally-methylated imprinted genes across each ICR were
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~ oocyte, sperm, and blastocyst genomes, respectively. The red shaded areas show the extent of two maternal imprinting control

not altered in Dnmi3L™"" oocytes (Figure 3 and Figure 5D).
This result suggested that the disruption of maternal methyla-
tion imprints in the Dnmi3L~’" oocyte genome was not due to
the lack of their transcription [36]. On the other hand, maternal
methylation imprints at ICRs (and many other hypermethyla-
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Table 2. CpG methylation profiling of 12 maternal and 3 paternal imprinting control regions.

Gene locus Chr.

Maternally methylate imprinted genes Nespas-Gnas

Extents of the ICRs7

174,119,863

6,679,787

Average methylation levels

99.3%

4,609,483
30,689,96¢
6,684,257

Paternally methylated imprinted genes H19 7

Dlk1-Meg3 12

11,925,127

12,934,169

149,764,673

110,762,703

150,482,810

11,927,100 98.0% 1.2% 5.3% 38.5%

78.7%

12,935,816 99.1% 0.9% 3.8% 44.2%

532%

13.5% 0.6%

149,771,930 96.5%  40.8% 65.5%

110,773,093 18.9% 0.9% 96.8%  32.4%

83.1%

doi:10.1371/journal.pgen.1002440.t002

tions at transcribed regions) in wild-type oocyte genomes might
be the result of gene transcription via Dmmt3L-mediated
intragenic methylation.

Surprisingly, gene expression in ESC genomes was negatively
correlated with promoter methylation and was not positively
correlated with gene-body methylation (Figure S12). Meanwhile,
these ESCs showed the apparent expression of all DNA
methyltransferase gene families including Dnmt3L (Figure S13).
Previous studies indicated that the zygotic and somatic functioning
of Dnmt3L is not essential for global methylation in ESCs in mice
[6]. Thus, unlike oocytes, the functional role of Dmmt3L in gene-
body methylation after fertilization is unclear. However, the
expression of pluripotency-associated genes, Poudfl, Kif4, Sox2,
Mye, Nanog, and Lin28a, was clearly observed in ESCs. The
expression of Poudfl, Lin28a, and Glisl, recently identified as
maternal reprogramming factors, were also observed in oocytes
(Figure S14). While differential expression of the pluripotency
genes among germ and stem cells was observed, the promoter
regions of these genes demonstrated low-level methylation in
almost all of the examined cells. In sperm cells, only the Nanog
promoter was hypermethylated (this result was similar to a
previous study [29]).

Identification and characterization of germline
differentially methylated regions

To identify gDMRs, the average CpG methylation levels of
individual CpG islands (CGls), which are CpG-rich genomic
regions often lacking DNA methylation, were calculated. Recently,
Ilingworth et al. determined the number of CGls by deep
sequencing of isolated, unmethylated DNA clusters [37]. Among
the 23,021 mouse CGls (22,974 CGIs were informative in both
oocytes and sperm), 2014 were highly methylated (=80%
methylation) in oocytes, 818 were highly methylated in sperm,
and 377 were highly methylated in both germ cells (Figure 6A).
Furthermore, we also identified 1678 gDMRs (=80% methylation
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*: The extents of each region in germ cells were determined by bisulfite sequencing study [39].

in 1 gamete and =20% in the other), 1329 of which were oocyte-
specific methylated CGls, while the remaining 349 were sperm-
specific methylated CGIs (Figure 6A, Figure S6, and Table S2).
Among these gDMRs, 646 gDMRs were confirmed to show a
differential methylation status between GV oocytes and sperm (by
similar criteria: =75% methylation in 1 gamete and =25% in the
other); the methylation status was previously examined by
performing large-scale bisulfite sequencing of CpG-rich regions
of the genome (reduced representation bisulfite sequencing:
RRBS) (Table S3) [38]. Additionally, almost all known ICRs
except Zdbf2 DMRs (which do not have any CGls) were re-
identified from our gDMR list (Table S2).

A total of 78% oocyte-methylated gDMRs (n=1045) were
located within the intragenic regions. Approximately 25% of the
oocyte-methylated gDMRs (n=322) overlap with either the first
exon or the proximal promoter regions of the genes, as has been
observed with most of the described maternal ICRs [39]; only 5%
of the sperm-methylated gDMR (n=18) showed such overlap.
Alternatively, 34% of sperm-methylated gDMRs (n = 120) overlap
with intergenic regions, as in all known paternal ICRs (Figure 6B).
Interestingly, oocyte-methylated gDMRs in transcribed regions
tended to be more abundant within highly expressed genes, but
such a trend was not observed in the sperm genome (Figure 6C).
Oocyte-methylated gDMRs were also identified in non-imprinted
genes, such as the DNA methyltransferase genes (e.g., Dnmtl and
Dnmt3b) and some male germline-specific genes (e.g., Puwill, Spagl,
Ggnbp2, Topll, Spatal6, Ggn, Acrbp, and Cd46). The oocyte-
methylated gDMR in Dmmt! was located in spermatocyte- and
somatic-specific exons, while oocyte-specific exons were hypo-
methylated in oocytes (Figure S9). Dmmt3L™’~ oocytes also showed
hypomethylation in most of these gDMRs. Significant changes in
the expression levels of genes with alternative splicing patterns
were not observed in the Dumt3L™"" oocyte genome (Figure 3,
Figure 5E, and Figure S9). These results indicate that these oocyte-
specific methylated gDMRs do not regulate gene expression or
alternative splicing during the oocyte stage.

January 2012 | Volume 8 | Issue 1 | €1002440

-86 -




