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Figure 4. CatRAPID analysis of ncRNA-protein interactions. (A) CatRAPID analysis reveals the interaction propensities of the control ncRNAs;
EvxTas with MLL1/KTM2A and HOTTIP with WDRS. (B) The interaction propensities for the control ncRNAs and for Hymai and Plagl1it with various
components (and sub-domains) of the H3K4 and H3K27 methylation machinery. (C) Similar ncRNA-protein interactions revealed by CatRAPID analysis

for Hymai (in black) and the human orthologue HYMAI (in red).
doi:10.1371/journal.pone.0038907.g004

tions. The PCR products were subcloned into pGEM T-easy
vector (Promega) and 20 colonies were sequenced using an ABI
prism 3100 DNA sequencer (Applied Biosystems). The full-length
sequences of Plagllit and Hymai have been deposited in GenBank
and have been assigned the accession numbers JN595789 and
JIN595790 respectively.

Northern Blot Analysis

To determine the size of Plagllit, Hymai and the truncated Plagl]
transcripts, we used custom-made northern blots containing 20 ug
of total RNA extracted from CD1 embryos (Zyagen, San Diego,
USA). The blots were hybridised with an -dctin probe prior to use
to confirm equal loading. Unique sequences for ecach transcript
were amplified by PCR, and the resulting amplicon probes were
radiolabelled with (**P)CTP using the Ready-To-Go DNA
labelling Beads (Amersham). Hybridizations were carried out
overnight at 65°C and washed according to manufacturer’s
instructions.

RT-PCR Conditions

Allelic RT-PCRs, reactions were performed using primers that
flanked polymorphisms. The amplification cycle numbers for each
transcript were determined to be within the exponential phase of
the PCR, which varied for cach gene, but was between 3242
cycles. The subsequent amplicons were sequenced using both the
forward and reverse primers (Table S1 for primer sequences).

Real-time RT-PCR

All PCR amplifications were run in triplicate on a 7900 Fast
real-time PCR machine (Applied Biosystems) following the
manufacturers’ protocol. All primers were optimized using SYBR
Green (see additional data file 5 for primer sequences) and melt
curve analysis to cnsure that amplicons were specific and free of
primer-dimer products. Thermal cycle parameters included Taq
polymerase activation at 95°C for 10 min for 1 cycle, repetitive
denaturation at 95°C for 15 sec, and annealing at 60°C for 1 min
for 40 cycles. All resulting triplicate cycle threshold (Ct) values had
to he with 1 Gt of each other. The quantitative values for cach
triplicate were determined as a ratio with the level of Gapdh
expression (B-actin for actinomycin experiments), which was
measured in the same sample, and then averaged to provide
relative expression values.

Analysis of Allelic DNA-methylation

Approximately 1 pg DNA was subjected to sodium bisulphite
treatment and purified using the EZ GOLD methylation kit
(ZYMO, Orange, CA). Bisulphite PCR primers for each region
were used with Hotstar Taq polymerase (Qiagen, West Sussex,
UK) at 40 cycles and the resulting PCR product cloned into
pGEM-T easy vector (Promega) for subsequent sequencing (sec
Table S1 for primer sequences).

Chromatin Immunoprecipitation (ChiP)

ChIP was carried out on wild type embryos, MEF cells and
Drnmt3l — /4 embryos. ChIP was performed as previously described
[6] using the following Upstate Biotechnology antisera directed
against H3ac (06-599), H3K9ac (07-352), H3K4me2 (07-030),

@) PLoS ONE | www.plosone.org

H3K9me3 (060904589), H3K27me3 (07-449) and H4K20me3 (07-
463) (Upstate Biotechnology). DNA extracted from precipitated
chromatin fractions was PCR amplified, and parental alleles were
discriminated by either SSCP (PLAGLI-DMR) or by direct
sequencing. Polymorphisms within 1 kb of the CpG islands were
identified by interrogating SNP databases or through genomic
sequencing (sec Table S1 for primer sequences and location). Only
ChIP sample sets that showed enrichment for additional imprinting
control regions were used in the analysis. Precipitation levels in the
ChIP samples were determined by real-time PCR amplification,
using SYBR Green PCR kit (Applied Biosystems). Each PCR was
run in triplicate and results are presented as percentage precipita-
tion and normalised to the level of the HI9-DMD, since
methylation at this paternally methylated DMR is unaffected after
maternal transmission of the Dnmt3l deleted allele.

catRAPID Analysis

We employed the catRAPID algorithm to predict potential
interactions between ncRINAs and proteins [16]. This algorithm
was trained using RINA-protein pairs described in the NPInter
database. We calculated the average interaction propensity of each
RNA species (fragmented into ~1 kb segments because of
sequence length restrictions) against complete protein and unique
functional domains. Multiple domains adjacent in sequence were
joined together (c.g. three PHD domains in MLL1 and SET/
proSET regions). In the case of domain association with a size
<50 amino acids additional flanking amino acids were added
upstream and downstream.

Supporting Information

Figure S1 (A) Expression of Plagll, Hymai and Plagllit in various
tissues from embryos at different gestational stages (¢ = embryonic
day; NB=ncw born). (B) Northern blot analysis using probes
specific for Plagll exon 2-3, Plagllit and Hymai. A single transcript
of less than 4 kb is detected for Plagllit consistent with RACE and
RT-PCRs results. Truncated Plagll transcripts, between 700—
1.7 kb, correspond to CJ065374 and AI607573.

(TIF)

Figure 82 Mapping of the RACE products to determine
the extents of the novel transcripts and open reading
frame analysis. (A) The overlapping start sites for P1-Plagl] and
Hymai. (B) analysis for open reading frame using DNA Strider for
Hymai. (C and D) The 5" and 3’ ends of Plagllit in relation to Plagl]
transcripts, and ORF analysis.

(T1F)

Figure 83 Chromatin immunoprecipitation of WDRS in
MEF cells. (A) The upper panel shows PCR amplification of the
fB-actin promoter control region and Plagll-DMR in the WDR5-
ChIP. The lower panel is the genotypes of the input and IP (B x
C), showing preferential precipitation of the paternal allele
compared to input as calculated from relative area under the
nucleotide curve at the SNP position. (B) Confirmation of
preferential paternal enrichment by Hinfl RFLP analysis.

(T1F)
Table S1 Table of PCR primer sequences.
(DOC)
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Beckwith—Wiedemann syndrome (BWS) is an imprinting-related
condition characterized by macrosomia, macroglossia, and
abdominal wall defects (OMIM #130650). The relevant imprinted
chromosomal region in BWS, 11p15.5, consists of two independent
imprinted domains, IGF2/H19 and CDKNIC/KCNQIOTI. Imprinted
genes within each domain are regulated by two imprinting control
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regions (ICR), the H19-differentially methylated region (H19-DMR)
or KvDMR1 [Weksberg et al., 2010]. Several causative alterations
have been identified in patients with BWS: loss of methylation
(LOM) at KvDMRI, gain of methylation (GOM) at H19-DMR,
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chromosomal abnormality involving 11pl5 [Sasaki et al., 2007;
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Methylation of H19-DMR is erased in primordial germ cells
(PGCs) but becomes reestablished during spermatogenesis [Li,
2002; Sasaki and Matsui, 2008]: this methylation regulates the
expression of IGF2 and HI9 by functioning as a chromatin insu-
lator, restricting access to shared enhancers [Bell and Felsenfeld,
2000; Hark et al., 2000]. GOM on the maternal H19-DMR leads to
expression of both IGF2 alleles and silencing of both H19 alleles.
Dominant maternal transmissions of microdeletions and/or base
substitutions within H19-DMR have recently been reported in a few
patients of BWS with H19-DMR GOM [Demars et al., 2010].
However, when and how the GOM on the maternal H19-DMR
occurs is not clear.

Here, we found epigenetic mosaicism in two BWS patients. We
also found that GOM at H19-DMR was discordant in blood and
skin versus placenta; specifically, methylation levels were lower in
placental samples. These findings strongly suggest that aberrant
methylation of H19-DMR occurred after implantation. As a result,
we expect aberrant de novo methylation happens to a greater extent
in embryos than in placentas.

Two unrelated patients with sporadic BWS, Patient 1 (BWS047)
and Patient 2 (bwsh21-015), were delivered by cesarean in the third
trimester of pregnancy. The mothers of both patients conceived
naturally. Patient 1 and Patient 2 met clinical criteria for BWS as
described by Elliott et al. [1994] and Weksberg et al. [2001],
respectively (Table I). The placenta of Patient 1 was large and
weighed 1,065 g, but was without any pathological abnormality.
The placenta of Patient 2 was also large, weighing 1,620 g, and had
an encapsulated placental chorangioma, as reported previously
[Aoki et al., 2011]. The standard G-banding chromosome analysis
using peripheral blood samples showed no abnormalities in either
patient. This study was approved by the Ethics Committee for
Human Genome and Gene Analyses of the Faculty of Medicine,
Saga University.

Genomic DNA was extracted from embryo-derived somatic tissues
and the placentas of the patients (Fig. 1). Methylation-sensitive

Southern blots with BamHI and Notl were employed for KvDMRI,
and blots with Pstl and Mlul were employed for H19-DMR, as
described previously [Soejima et al., 2004]. Band intensity was
measured using the FLA-7000 fluoro-image analyzer (Fujifilm,
Tokyo, Japan). The methylation index (MI, %) was then calculated
(Fig. 1). Southern blots with Apal were used to identify the micro-
deletion of H19-DMR as described previously [Sparago et al.,
2004].

Bisulfite sequencing covering the sixth CTCF binding site (CTS6)
was performed. For COBRA, PCR products of each primary
imprinted DMR were digested with the appropriate restriction
endonucleases and were then separated using the MultiNA Micro-
chip Electrophoresis System (Shimazdu, Japan). The methylation
index was also calculated. All PCR primer sets used in this study
have been listed in Supplementary Table SI (See Supporting
Information online).

For quantitative polymorphism analyses, tetranucleotide repeat
markers (D1151997 and HUMTHOI) and a triplet repeat marker
(D1152362) from 11p15.4—p15.5 were amplified and separated by
electrophoresis on an Applied Biosystems 3130 genetic analyzer
(Applied Biosystems, NY); data were quantitatively analyzed
with the GeneMapper software. The peak height ratios of paternal
allele to maternal allele were calculated. A single nucleotide poly-
morphism (SNP) for the Rsal recognition site in HI19 exon 5
(rs2839703) was also quantitatively analyzed using hot-stop PCR
[Uejima et al., 2000]. Band intensity was measured using the FLA-
7000 fluoro-image analyzer (Fujifilm).

To search for mutations in the binding sites of CTCF, OCT4, and
SOX2, we sequenced a genomic region in and around H19-DMR,
which included seven CTCF-binding sites, three OCT4 sites, and
one SOX2 site.

. Birth weight
Conception

Placental weight Placental—fetal

- Patient 1D [g&stational age] Clinical features Karyotype and pathology weight ratio
 Patient 1 Natural 4,506¢ macrosomia 46,XY 1,065¢ 0.236
- [BWS047) u (36we2d) macroglossia no pathological
o abdominal wall findings
‘ defect hypoglycemia ‘ : ‘
Patient 2 Natural 2,540 ¢ macrosomia 46,XX 1,620 ¢ 0.638

 [bwsh21-015) . {33w5d) - macroglossia placental

‘ ‘ chorangioma

. , hypoglycemia

renal malformation
hepatosplenomegaly
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FIG. 1. Methylation analyses of KvDMR1 and H19-DMR. A: Methylation- sensmve Southern blots for KVDMR1. Genamlc DNAwas extracted from thecord

blood, peripheral blood, skin, and placenta of Patient 1 and from the cord blood, placenta and placental chorangioma of Patient 2. Methglation at
KvDMR1 was normal in all samples analyzed. Methylation indices (MI, %} are shown under the figure. B: Methylation-sensitive Southern blots for H19-
DMR. The MIs of blood samples were higher than the Mls of placental samples Ml was calculated using the equatlon [M/[M + U)] x 100, where Mis
the intensity of the methylated band and U is the intensity of the unmethglated band ot Blsu|f|te sequencmg of H19-DMR in Patient 1 The two
parental alleles were distinguishable by differences in SNPs. Both parental alleles were completelg methylated in the cord blood, penpheral blood,
and skin samples, and the maternal allele, which is normally unmethglated was partlallg methglated in the placenta. D: Bisulfite sequencing of H19-
DMR in Patient 2. Methylation of the maternal allele was higher in the cord blood than in the placenta or placental chorangioma. These results were
consistent with the results of the Southern blot analysis. We confirmed complete methylation of paternal H19-DMR alleles and complete
demethylation of maternal H19-DMR alleles in four normal control placentas that were heterozygous for identifiable SNPs (data not shown). Fa,
father; Mo, mother; CB, cord blood; PB, peripheral blood; Pl, placenta; PI-T, placental chorangioma; m, methylated band; um, unmethylated band; *,
nonspecific bands; Mat, maternal allele; Pat, paternal allele; CTSB, sixth CTCF binding sne Mlul, a restriction site approximately BO bp downstream nf

CT1S6 assaged by methylation-sensitive Southern blot and COBRA.

We first examined the methylation status of the two ICRs,
KvDMRI, and H19-DMR, at 11p15.5 using methylation-sensitive
Southern blot analysis. Methylation at KvDMRI1 was normal in all
samples collected (Fig. 1A); however, methylation at H19-DMR
was aberrant (Fig. 1B). In Patient 1, hypermethylation at H19-DMR
was complete in cord blood and peripheral blood samples
(MI=100%), and hypermethylation in the placenta was partial
(MI=70%). In Patient 2, H19-DMR was partially hypermethy-
lated in cord blood (MI=90%) but less so in the placenta and
placental chorangioma (MI=71% and MI = 83%, respectively).
For further investigation of differences in methylation between the
patients’ somatic tissues and placentas, the CTSG6 site was subjected

to bisulfite sequencing (Fig. 1C and D). We could distinguish the
two parental alleles in each patient sample using informative SNPs
(rs10732516 and rs2071094). The maternal allele, which is normally
unmethylated, was completely methylated in the cord blood,
peripheral blood, and skin from Patient 1. However, in placental
samples from Patient 1, the maternal allele was only partially
methylated: 36% of all CpGs analyzed were methylated. Similar
results were observed in Patient 2: the maternal allele in the cord
blood was 68% methylated; however, the maternal allele was only
31% and 55% methylated in the placenta and chorangioma sam-
ples, respectively. The paternal alleles, which are normally fully
methylated, were fully methylated in all samples. These findings
supported the results of the Southern blots. Furthermore, we could
not find any microdeletions or mutations in or around H19-DMR,
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including seven CTCF-binding sites, three OCT4 sites, and one
SOX2 site, indicating that there was no genetic cause of the hyper-
methylation (Fig. 2A and data not shown).

Next, we analyzed polymorphic markers at 11p15.4—p15.5 to
determine whether copy number abnormalities or paternal UPD
might be involved in these BWS patients. Although smaller PCR
products were more easily amplified, paternal-maternal allele
ratios in blood samples were between 0.92 and 1.33, indicating
that both parental alleles were equally represented in both patients
(Fig. 2B). Therefore, we could rule out copy number abnormality
and paternal UPD within the patients’ blood. We also investigated

maternal contamination in the placenta. D1151997and HUMTHOI
for Patient 1 and the Rsal polymorphism in HI9 (rs2839703) for
Patient 2 were used for this investigation because the mothers were
expected to be homozygous for such polymorphisms. Thus, we
investigated contamination of our samples by assessing the homo-
zygosity of the polymorphisms in the mothers. The paternal—
maternal ratios in Patient 1 were 0.94 and 1.03, indicating an equal
contribution of both parental alleles and suggesting no contami-
nation (Fig. 2B). In Patient 2, the ratios were 0.77 and 0.78 in the
placenta and chorangioma, respectively, suggesting a small amount
of contamination (Fig. 2C). However, such contamination was too
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FIG. 2. Microdeletion analysis of H19-DMR, polymorphism analyses, and COBRA of primary imprinted DMRs in emb'rgo' derived 'and'plac‘ental Saiﬁ‘ples.'
A Southern blots identifying a mxcrodeletlon of H19:DMR. A genomic fragment (7.7 kb) generated by Apal digestion, which included the entire

H19-DMR, was evident in all samples, indicating that there was no microd

eletion in this DMR. B: Microsatellite markers at 11p15.4-p15.5. The peak

helghts associated with each parental allele in all samples were quantltatlvelg analyzed. The results indicated that both parental alleles were

present and equally represented. C: Hot-stop PCR of an Rsal polymorphic
under the figure. Although the ratios in the placenta and placental chor

maternal contamination, this was not enough to affect the results of the methylation analyses. COBRA of cord blood (D] and placentas
demonstratingthat H13-DMRwas hgpermethglated CTSBis contained within H19-DMR. Methylation at other DMRs was normalin all samples e

site in Patient 2. The ratios of paternal allele to maternal allele are shown
angioma are lower than in the cord blood ‘suggesting a small amount of
E~3, o
xcept

for methylation at NNAT, which was aberrant in the placental chorangloma Cord blood and placentas: from 24 normal mdwnduals were. used as :
controls. The upper limit of normal methylation was defined as the higher of these two values: [1] the average of controls +3 8D, or [2] the

average + 15%. Similarly, 1 the lower limit of normal methglatlnn was defini
- [2) the average = 15% The upper and lower limits are md:cated by gray

ite as the lower of these two values: (1) the average of controls —38D,0r o
bars. (): Patient 1; /\: Patlent 2; O: placental chorangloma of Patient 2
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small to affect the results of the methylation analyses. In addition,
sequence analysis did not show any mutations in CDKNIC (data
not shown). These findings indicated that H19-DMR was aber-
rantly hypermethylated in both BWS patients and their associated
placentas, but the aberrant methylation was consistently lower in
the placenta, and that the H19-DMR GOM was strictly an isolated
epimutation.

Finally, we analyzed the methylation status of 16 primary
imprinted DMRs scattered throughout the genome-using COBRA
(Fig. 2D and E). Only H19-DMR showed aberrant methylation
among all primary DMRs in all samples, except for NNAT DMR,
which was abnormal only in the placental chorangioma, indicating
that the IGF2/HI9 imprinted domain was targeted for aberrant
methylation in both somatic tissues and the placenta.

Methylation associated with parental imprints are erased in PGC
and reestablished during gametogenesis in a sex-specific manner.
The paternal pronucleus in the zygote undergoes active demethy-
lation; extensive passive demethylation then ensues on maternal
and paternal chromosomes during the pre-implantation period.
After implantation, de novo methylation results in a rapid increase
in DNA methylation in the inner cell mass (ICM), which gives rise
to the entire embryo; in contrast, de novo methylation is either
inhibited or not maintained in the trophoblast, which gives rise to
the placenta [Li, 2002; Sasaki and Matsui, 2008]. The imprinted
DMRs, however, escape these demethylation and de novo meth-
ylation events that occur in early embryogenesis. H19-DMR GOM
in BWS patients is considered an error in imprint erasure in female
PGCs [Horsthemke, 2010]. However, H19-DMR GOM, whether
with or without microdeletions within H19-DMR, was partial,
indicating a mosaic of normal cells and aberrantly methylated cells
[Sparago et al., 2007; Cerrato et al., 2008]. These findings demon-
strated that aberrant hypermethylation at H19-DMR was acquired
after fertilization, although the precise timing was unknown.
Both participants in this study had isolated GOM at H19-DMR.
The partial and variable hypermethylation among samples
suggested epigenetic mosaicism. Furthermore, methylation levels
in the placentas were lower than those in the blood and skin,
suggesting that the aberrant methylation was acquired after implan-
tation—when genome-wide de novo methylation normally occurs.
Aberrant de novo methylation at H19-DMR is expected to be more
widespread in the embryo than in the placenta, as this is normally
the case for de novo methylation [Li, 2002; Sasaki and Matsui,
2008]; this disparity in efficiency could lead to the discordance
between hypermethylation in trophoblast-derived placenta and
that in embryo-derived blood and skin. This hypothesis is sup-
ported by a mouse experiment in which a mutant maternal allele
harboring a deletion of four CTCF binding sites was hypomethy-
lated in oocytes and blastocysts, yet was highly methylated after
implantation [Engel et al., 2006]. To our knowledge, this is the
first evidence demonstrating that aberrant hypermethylation of
maternal H19-DMR is acquired after implantation in humans.
We found that of 16 primary imprinted DMRs analyzed, only
H19-DMR showed aberrant methylation; even methylation at
IG-DMR CG4, another paternally methylated, primary imprinted

DMR, was normal in our patients. Although we only studied two
patients, this finding indicated that the IGF2/HI9 imprinted
domain in both the embryo and placenta was more susceptible
than other imprinted domains to aberrant methylation acquired
after implantation.

In conclusion, we found that methylation of H19-DMR was
discordant in embryo-derived somatic tissue and placenta, strongly
suggesting that the aberrant de novo methylation occurred after
implantation. However, the precise mechanism of isolated H19-
DMR GOM is still unknown. Since no mutations in CTCF, an
important trans-acting imprinting factor, were found in these
patients with isolated GOM at H19-DMR, the potential for muta-
tions in the OCT and SOX transcription factors should be inves-
tigated because mutations of OCT-binding sites have previously
been found in a few patients with H19-DMR GOM [Cerrato et al.,
2008; Demars et al., 2010].
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ABSTRACT

The paternally-expressed imprinted genes Gprl and Zdbf2 form a gene cluster wherein the
imprinted-methylated regions of these two genes differ. We identified a novel, paternally expressed,
long intergenic non-coding Zdbf2 variant (Zdbf2linc) transcribed from maternally methylated Gpri
DMR during early embryogenesis in the mouse. While the Gpr1 DMR displayed biallelic hypermethy-
lation, Zdbf2linc expression was rarely observed in the post-gastrulation, despite a positive correla-
tion between the methylation of Zdbf2 DMRs and the mono-allelic transcription of the original
Zdbf2 coding variant. Furthermore, lack of the maternal methylation imprint resulted in the biallelic
expression of both coding and non-coding Zdbf2 transcripts as well as complete methylation of
Zdbf2 DMRs. Globally, our findings suggest the role of Zdbf2linc in the establishment of secondary

Genomic imprinting

Imprinting control region
Differentially methylated region
Non-coding RNA

epigenetic modifications after implantation.
© 2012 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.

1. Introduction

Functional non-equivalence between parental genomes in
mammals is caused by parental origin-specific mono-allelic expres-
sion of certain genes, termed “imprinted” genes [1]. To date, over
one hundred imprinted genes have been identified in humans and
mice (MRC Mammalian Genetics Unit, Harwell, UK, http://
www.har.mrc.ac.uk/research/genomic_imprinting), most of which
form clusters in specific genomic regions responsible for the abnor-
mal phenotypes of uniparental disomies. Imprinted gene clusters
are marked epigenetically and imprinted differentially in the paren-
tal germline, depending on the parent. Differentially methylated re-
gions (DMRs), which exhibit parent-of-origin-dependent DNA
methylation patterns, have been identified within or near
imprinted genes. Two classes of DMRs have been identified: germ-
line DMRs (primary DMRs), which acquire methylation during
gametogenesis, and somatic DMRs (secondary DMRs), which estab-
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lish their allelic methylation patterns after fertilization, most likely
through the influence of the germline DMRs at each gene cluster [2-
6]. Gene knockout experiments in mice point to the involvement of
DNA methylation in this process. De novo methyltransferase
Dnmt3a and de novo methyltransferase-related protein Dnmt3L
are required for the establishment of primary methylation imprints
in paternal and maternal germlines, as well as the mono-allelic
expression patterns of imprinted genes in the embryo proper
[7-9]. The targeted deletion of some germline DMRs in mice has
also been found to result in the aberrant expression of single or sev-
eral associated imprinted genes, as well as the loss of the allelic
methylation of secondary DMRs [10-19]. Such germline DMRs are
called imprinting control regions (ICRs), and act as long-range cis-
acting regulatory elements.

An imprinted gene cluster containing the Gprl (G protein-
coupled receptor 1) and Zdbf2 (zinc finger, DBF-type containing
2) genes has been identified in mouse chromosome 1; both are
specifically expressed from the paternal allele [20-22]. Zdbf2 was
found to have imprinted expression in various embryonic and
adult tissues, whereas Gprl showed kidney-specific imprinted
expression (Fig. 1A). However, functional roles of these genes in
biological processes remain undetermined. Multiple methylome
analyses have identified two kinds of imprinted methylated re-
gions in this cluster: maternal allele-specific methylation at a
CpG island in Gpr1 intron 2 (Gpr1 DMR), and paternal allele-specific

0014-5793/$36.00 @ 2012 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.
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Fig. 1. Comparison of Zdbf2 gene expression in wild-type and Dnmt3L™*~/~ embryos. (A) Schematic representation of the imprinted Gpri-Zdbf2 domain on mouse
chromosome 1C2. Open boxes represent the locations of the two paternally expressed genes; arrows denote the transcriptional direction of these genes. The positions of the
differentially methylated regions (DMRs) are indicated by filled pins on the methylated alleles. (B) Quantitative real-time RT-PCR expression analysis of paternally expressed
genes Zdbf2 (exon 7), Igf2, and Airn in E9.5 mouse embryos from Dnmt3L™** and Dnmt3L™*~/~ mice (n > 3). Expression levels of each gene were normalized to those of the
housekeeping gene Gapdh. Error bars represent SEM (n = 3), while asterisks indicate P < 0.01 (Student’s t-test). Igf2 and Airn are regulated by paternal (H79 DMR) and maternal
(lgf2r DMR2) methylation imprints, respectively. (C) Allelic expression analysis of Zdbf2 was performed using F; hybrid crosses between wild-type C57BL/6 (BG) or Dnmt3L-
deficient 129Svjae x C57BL/GN (129 x B6) females and JF1/Msf (JF) males. Maternal and paternal alleles were distinguished by an SNP (A/G at chr1. 63,361,080; highlighted

in yellow).

methylation at the intergenic regions between the Gpr1 and Zdbf2
genes (Zdbf2 DMR1, DMR2, and DMR3) [21-23]. However, the
identity of the DMR that acts as a true ICR on the Gpri1-Zdbf2 locus
remains unknown.

Similar to the Gpri1-Zdbf2 gene cluster, three other imprinted
gene clusters, Gnas-Nespas, Kenglotl, and Igf2r-Airn, have been
found to have contradicting imprinted methylation. In these clus-
ters, maternal allele-specific methylations act as ICRs, while the
long non-coding RNAs transcribed from them have a role in silenc-
ing genes in cis through gene- and lineage-specific repressive chro-
matin modifications [24-26]. Other DMRs may additionally
become methylated on the paternal allele after fertilization as so-
matic DMRs. Furthermore, recent studies have shown that tran-
scription through Gnas DMRs is required for their allele-specific
methylation to be established during pre- or post-fertilization
[26,27]. It is important to elucidate the relationship between im-
printed methylation and gene expression profiles on a gene cluster
in order to understand the mechanisms by which imprinted
expression is regulated.

In this study, we identified a novel, long (>100 kb), imprinted
non-coding Zdbf2 variant transcribed from the Gpr1 DMR in mice,
which showed paternal-allele-specific expression in early embry-
onic cells. Its expression was found to be associated with the
methylation of the Gpr1 DMR in cis. Our results indicate that mater-
nal-allele-specific methylation of the Gprl DMR may directly regu-
late the imprinted expression of this long non-coding RNA. The
transcription of the Zdbf2 variant may be essential for the establish-
ment of the somatic intergenic differential methylation of Zdbf2
DMRs that regulates imprinted Zdbf2 expression after implantation.

2. Materials and methods
2.1. Sample preparation
Mouse early embryos, embryonic stem (ES) cells, and adult tis-

sues were prepared as described previously [6,21,28]. To use DNA
polymorphisms for allele discrimination, wild-type reciprocal F,

hybrids (Dnmt3L™%**) were obtained by crossing C57BL/6 (BG;
Clea Japan, Tokyo, Japan) and JF1/Msf (JF) mice. Dnmt3L™%~/~ em-
bryos were obtained by crossing Dnmt3L-deficient female
(129Svjae x B6 hybrid genetic background) and wild-type JF mice.
ES cells were derived from B6 mice (Clea Japan).

2.2. Real-time RT-PCR and allelic expression analyses

Total RNA from E3.5 blastocysts, E5.5 whole embryos, E6.5, E7.5
embryonic tissues (extra-embryonic tissues were removed), and
E9.5 whole embryos (yolk sacs and amnions were removed) [6],
and ES cells was isolated using the Allprep DNA/RNA micro kit
(Qiagen, Valencia, CA) and TRIzol reagent (Invitrogen, Carlsbad,
CA). Genomic DNA-free total RNA was reverse transcribed to cDNA
with SuperScript I (Invitrogen). Quantitative analysis for Igf2, Airn,
and Zdbf2 gene expression was performed in a 7500 Real-time PCR
system (Applied Biosystems, Foster City, CA) with SYBR Green PCR
Master Mix (Applied Biosystems). Relative expression levels of
each gene were normalized to those of the Gapdh or Actb house-
keeping genes. RT-PCR and direct sequencing for Zdbf2 variants
were performed using an ABI PRISM 3730xl genetic analyzer (Ap-
plied Biosystems), as described earlier {21]. Primer sequences
and PCR conditions are listed in Table 1.

2.3. Rapid amplification of cDNA ends analysis

The 5'-region of the mouse Zdbf2 gene was obtained using the
GeneRacer Kit (Invitrogen). Total RNA was prepared from ES cells,
and two rounds of PCR were carried out using TaKaRa EX Taq
(TaKaRa) under the following conditions: 25 cycles of 30s at
94 °C, 30 s at 64 °C, 1 min at 72 °C for the first PCR; and 20 cycles
of 30s at 94 °C, 30 s at 60 °C, and 1 min at 72 °C for the second
PCR. The Zdbf2 gene-specific primer sets used for the nested PCR
were as follows: anti-sense 5RA8: 5'-AGCTGAGGACCCGGAATCCT
CACAT-3' for the first PCR and anti-sense 5RA9: 5'-TGAGGACCCGG
AATCCTCACATGGT-3' for the second PCR. The amplified products
were sequenced directly, after purification.
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PCR primer information.

40

94 °C, 1 min 94°C, 30s 60°C, 30s 72°C,30s 72 °C, 5 min

RT, Real-time

107

-TTGAACTTGGCTTACCAGTGTGT-3

-TTTCTCAAGGTGAAACAGGGAGT-3’

40

60°C, 30s 72°C, 30s 72 °C, 5 min

94 °C, 1 min 94°C,30s

RT, Real-time

106

~CAGACCCTCACTAAAGGAAAAACT-3/
-CTGTCCATTGTTCTTCATTACTTC-3'
-TGATCCACAGTTATGGACTT-3'
-TCAAACTGACATCACATGG-3'

[21]

40

95°C, 10 min 95°C, 155 60°C, 1 min

Real-time

225

-GGAGATGTCCAGCAACCATC-3
-CTGAAGCAATGACATGCCAC-3
~-GTGGATTCAGGTTTCATG-3/

40

95°C, 10 min 95°C, 155 60°C, 1 min

Real-time

582

40 -

95°C, 155 60°C, 1 min

95 °C, 10 min

Real-time

227

-GGCCCAGATATAGAATGT-3'

-GTCGTGGAGTCTACTGGTGTC-3’

72°C, 305 72 °C, 5 min 40
40

57°C, 305

94 °C, 1 min 94°C,30s

Real-time

244
188

-GAGCCCTTCCACAATGCCAAA-3
~AGGTGACAGCATTGCTTCTG-3'
-GCTGCCTCAACACCTCAAC-3'

95°C, 155 60 °C, 1 min

95°C, 10 min

RT, Real-time

-AGATTAGGTTAGTTTGGAATT-3'

(23]

40

72 °C, 5 min
72 °C, 5 min

94°C,30s 57°C,30s 72°C,30s

94°C, 1 min

Bisulfite
Bisulfite

130
365

-AACACTAATCACCAAATAATTC-3'

72°C,30s 40 [22]

57°C,30s

94°C,30s

94 °C, 1 min

-TGTGTATAGGTTTGTATGGTTTGTT-3'

-ATAATCAACTACYAAAAAAACCCTAA-3

5
5
5
5
5

chrl: 63,247,197-63,247,248

63,254,089-63,254,143

Zdbf2 exon A&B

chrl: 63,337,249-63,337,356

Zdbf2 exon 5

chri: 63,360,906-63,361,130

Zdbf2 exon 7

5
5
5
5
5
5
5
5

chr7: 149,839,164-149,839,745

chr17: 12,935,735-12,935,961

Airn

chr6: 125,112,864-125,113,058
125,113,157-125,113,201

Gapdh

chr5:143,664,856-143,665,043

Actb

chrl: 63,246,988-63,247,117

Gprl DMR

chr1: 63,306,143-63,306,507

Zdbf2 DMR1

5
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[22]

40

72 °C, 5 min

60°C, 30s 72°C,30s

94 °C, 1 min 94°C,30s

Bisulfite

334

-TAAATAAATATAAAGGGTTGGTTAGTT-

-AAATCAAACTACAAACTCCAAACTA-3

[21]

40

94°C,30s 60°C, 30s 72°C, 30s 72 °C, 5 min

94 °C, 1 min

Bisulfite

341

-ATTAAGATATTTAGATTATGGATAGAT-3'
-AAAATAAACTCTCCAAAACCAAAAA-3'

chrl: 63,311,117-63,311,450

Zdbf2 DMR2

chrl: 63,314,651-63,314,991

Zdbf2 DMR3

2.4. Bisulfite sequencing analysis

Genomic DNA samples were isolated from Dnmt3L™** (F; hy-
brid of B6 and JF) and Dnmt3L™*/~ embryos at the E3.5-E9.5
stages, as well as from the kidneys and hearts of 9-week-old female
Dnmt3L™*** mice. Genomic DNA was treated with sodium bisul-
fite using the EpiTect Bisulfite Kit (Qiagen). The bisulfite-treated
DNA was amplified by PCR with TaKaRa Taq Hot Start Version
(TaKaRa) for Gpr1 and Zdbf2 DMRs. The primers and PCR conditions
for the amplification are listed in Table 1. Subcloning and sequenc-
ing analyses were performed as described in a previous study [21].
Visualization and quantification of bisulfite sequence data for CpG
methylation was performed using the QUMA web-based tool [29].

3. Results

3.1. Allelic expression analysis of Zdbf2 in mouse embryos lacking
maternal methylation imprints at the post-gastrula stage

To determine if Zdbf2 is regulated by maternal or paternal
methylation imprints, we investigated Zdbf2 expression patterns
using real-time PCR and allelic expression analyses in mouse em-
bryos at the E9.5 post-gastrula stage. The fetuses derived from
wild-type and Dnmt3L-deficient female (Dnmt3L™*~/~) mice,
which lack maternal methylation imprints, were examined. Inter-
estingly, an analysis of the 3'-UTR at exon 7 of the Zdbf2 transcript
showed biallelic expression and approximately twofold increased
expression in Dnmt3L™~/~ embryos when compared with wild-
type embryos, which showed paternal-allele specific expression
(Fig. 1B and Q). This concurs with what has been observed to occur
with the Airn gene (Fig. 1B), which is paternally expressed under
the control of the maternal methylation imprint (Igf2r DMR2), sug-
gesting that Zdbf2 expression is regulated by a Dnmt3L-mediated
maternal methylation imprint, whereby the maternally methyl-
ated Gpr1 DMR may act as an ICR for this imprinted locus. How-
ever, bisulfite sequencing analysis surprisingly showed that the
Gprl DMR was biallelically hypermethylated in E9.5 embryos -
(Fig. 2A), whereas its maternal-allele-specific methylation was
maintained until at least the blastocyst stage [23].

3.2. Loss of differential methylation at Gprl DMR during embryonic
development

To reveal the timing and progression of differential methylation
changes over the course of embryonic development, the allelic
methylation pattern of the Gpr1 DMR was examined between the
blastula and gastrula stages in mouse embryos at E3.5 (blastocyst),
E5.5, E6.5, E7.5 (early- to late-gastrulation), and E9.5 (post-gastru-
lation). Although complete maternal-allele-specific methylation
(i.e., paternal-allele-specific hypomethylation) at the Gprl DMR
was maintained during the E3.5-E5.5 stages, the methylation of
the paternal allele was significantly increased at subsequent stages
(Fig. 2B). Hence, both maternal and paternal alleles were almost
completely methylated at the E9.5 stage in wild-type (and even
Dnmt3L™*~/~) embryos (Fig. 2A). Adult somatic tissues, including
the kidney, also showed biallelic hypermethylation of the Gprl
DMR (Fig. 2A), demonstrating that the kidney-specific imprinted
expression of Gpri is not associated with Gprl DMR methylation.
These results show that Gpr1 DMR gains biallelic methylation after
implantation, and that the methylation status of this DMR is not
associated with the imprinted expression of Zdbf2 or Gpr1, at least
after gastrulation.

3.3. Allelic expression analysis of Zdbf2linc

Whereas our results showed that imprinted Zdbf2 expression
was controlled by maternal methylation imprint, maternally meth-
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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
row of circles represents the results of an independent sequencing reaction. The open and closed circles denote unmethylated and methylated CpGs, respectively. M and P
indicate the maternally inherited B6 or 129 x B6 alleles and the paternally inherited JF allele, respectively. Both alleles were discriminated by three polymorphisms {23]. (B)
Differential methylation status between M and P alleles during embryogenesis. CpG methylation levels of maternal and paternal alleles are represented by red and blue bars,
respectively. These histograms were obtained from bisulfite sequencing analyses shown in (A).

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 Gpri-Zdbf2 locus
(Fig. 3A). This 114-kb lincRNA, which we named Zdbf2linc, had pre-
viously been identified in mouse ES cells by massively parallel
¢DNA 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 Gpri/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
c¢DNA 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 Gprl 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 Gpr1 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 Zdhf2 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-
Jation; 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
Gpr1 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 Gpr1-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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Abstract

Genome-wide dynamic changes in DNA methylation are indispensable for germline development and genomic imprinting
in mammals. Here, we report single-base resolution DNA methylome and transcriptome maps of mouse germ cells,
generated using whole-genome shotgun bisulfite sequencing and cDNA sequencing (mRNA-seq). Oocyte genomes showed
a significant positive correlation between mRNA transcript levels and methylation of the transcribed  region. Sperm
genomes had nearly complete coverage of methylation, except in the CpG-rich regions, and showed a significant negative
correlation between gene expression and promoter methylation. Thus, these methylome maps revealed that oocytes and
sperms are widely different in the extent and distribution of DNA methylation. Furthermore, a comparison of oocyte and
sperm methylomes identified more than 1,600 CpG islands differentially methylated in oocytes and sperm (germline
differentially methylated regions, gDMRs), in addition to the known imprinting control regions (ICRs). About half of these
differentially methylated DNA sequences appear to be ‘at least partially resistant to the global DNA demethylation that
occurs during preimplantation development. In the absence of Dnmt3L, neither methylation of most oocyte-methylated
gDMRs nor intragenic methylation was observed. There was also genome-wide hypomethylation, and partial methylation at
particular retrotransposons, while maintaining global gene expression, in oocytes. Along with the identification of the many
Dnmt3L-dependent gDMRs at intragenic regions, the present results suggest that oocyte methylation can be divided into 2
types: Dnmt3L-dependent methylation, which is required for maternal methylation imprinting, and Dnmt3L-independent
methylation, which might be essential for endogenous retroviral DNA silencing. The present data provide entirely new
perspectives on the evaluation of epigenetic markers in germline cells.
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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 cocyte- 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 novo 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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Author Summary

In mammals, germ-cell-specific methylation patterns and
genomic imprints are established throughout large-scale
de novo DNA methylation in oogenesis and spermato-
genesis. These steps are required for normal germline
differentiation and embryonic development; however,
current DNA methylation analyses only provide us a partial
picture of germ cell methylome. To the best of our
knowledge, this is the first study to generate comprehen--
sive maps of DNA methylomes and transcriptomes at
single base. resolution. for mouse germ cells. These
methylome maps revealed genome-wide opposing DNA
methylation patterns and differential correlation between
methylation and gene expression-levels in oocyte and
sperm genomes. In addition, our results indicate the
presence of 2 types of methylation patterns in the oocytes:
(i) methylation across the transcribed regions, which might
be required for the establishment of maternal methylation
imprints and ‘normal embryogenesis, and (i) retroviral
methylation, which might be essential for silencing of
retrotransposons and normal oogenesis. We believe that
an extension of this work would lead to a better
understanding of the epigenetic reprogramming in germ-
line cells-and of the role for gene regulations.

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 MethylG-seq showed higher redun-
dancies than sperm DNA libraries. For example, 33.0% and 81.7%

Table 1. Summary of shotgun bisulfite sequencing data.
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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 (i.e., 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 (DnmtSL™"") 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 x) than MethylC-seq library. 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 18.8%, 4.4, and 12.5 x for wild-type and Dumt3L™’~ 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 $4). This difference in
global DNA methylation between male and female germ cells was
consistent with results from the previous studies [28,29]. The
Dmumt8L™’ 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 Rlim 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 oocyte genome exhibited
<10% methylation, whereas another 32.0% of CpGs exhibited
=90% methylation (Figure 2A). The Dmmt3L™'~ oocyte genome
was also hypomethylated in almost all chromosomal regions
(Figure S6). The methylation level of the mtDNA genome in

Sample Method Aligned tags (base) Genome covarage Read depth
Wild-type oocyte MethylC-seq & WBA-seq 51,166,451,066 70.8% 39.4% 18.8
R R e e e
sperm | e Methleseq 34’153'2371544 . e e

Blastocyst ~~ MethylCseq 34,857,014,339 . Be2% . To4% . 28

BSC MethylC-seq | 16,691,289,063 73.0% 38.9% el

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

Drnmt3L™"" oocytes (4.4%) was lower than that ohserved in wild-
type oocytes (6.6%). Sperm methylation levels, by comparison,
were relatively high (14.7%), whercas 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

@ PLoS Genetics | www.plosgenetics.org

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 Dnmi3L~"" 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 Dumt3L dependent.

We also characterized the methylation patterns of 15 germline-
differentially methylated regions (QDMRs). 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
(e.g., HI19) (Figure 3 and Figure S8). Interestingly, only the Swpn
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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.g002

gDMR was partially methylated (35.7 %), whereas all other maternal
ICRs were hypomethylated in Dmmt3L™"" oocytes (Table 2). This
residual methylation might result in the stochastic acquisition of the
maternal imprint in the progeny of Dumt3L~" 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
cvaluate 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 (G 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 clucidate 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 mRINA-seq profiles for germ
cells and ESCs are shown in Table SI. 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
(1p]<<0.1) (Figure 4A). For example, the regions +2 to +5 kb from
the transcription start site (TSS) and 0 to —5 kb from the
transcription termination site (T'T'S) 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 TSS (=500 base pairs
(bp)) were hypomethylated (10-20% methylation) in all genes,
regardless of their expression level. In contrast, in the Dumt3L~"~
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<lx 10_9) with gene expression,
whereas gene-body methylation was positively correlated (Spear-
man’s p=0.14-0.16, p<<I1x107% 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 mRNA transcript levels between wild-
type and Dmwmi3L~'" ococytes were very highly correlated
(R?2=0.9611) (Figure 5A). In fact, there were no significant
differences in the expression levels of representative oocyte-specific
genes (e.g., Gdf9, Bmpl5, Bel2l10, Zp1, Zp2, {p3, Larl, Npm2, Nlp5,
and Dppa3, which are responsible for ovarian follicle formation,
reproduction, and carly development [35]) and DNA methyl-
transferase genes (eg., Dnmtl/, a maintenance methyltransferase,
and Dnmt3a and Dumi3h de nowo methyltransferases); the expected
difference in the expression level of Dumt3L between wild-type and
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