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Beckwith—Wiedemann.syndrome’ (BWS) isian itpinting-felated Epigenetics, Department of Biomolecular Sciences, Faculty of Medicine,

condition characterized by macrosomia, macroglossia, and abdomi- Saga University, 5-1-1 Nabeshima, Saga 849-8501, Japan.
nal wall defects (OMIM #130650). The relevant imprinted chromo-  g_... soejimah@med.saga-u.ac.jp

somal regionin BWS, 11p15.5, consists of two mdependent unprmted Published online 00 Month 2012 in Wiley Online Library
domains, IGF2/H19 and CDKNIC/KCNQIOTI. Imprinted genes (wileyonlinelibrary.com).
within each domain are regulated by two imprinting control DOI 10.1002/ajmg.a.35335
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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 H]19 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-
occurs is not clear. '

Here, we found epigenetic mosaici
also found that GOM at H19-D

placental samples. These
methylation of H19-DM

Patients

Two unrelatéd

weighed 1,065

[Aoki et al., 20
using peripher
patient. This's
Saga University.?

Southern Blot

- Southern blots with BamHI -and Nofl were employed for

was measure usmg the FLA-7000 fluoro-i lmage analyzer
(FujiﬁlmQ2, Japan). The methylation index (MI, %) was then
calculated (Fig. 1). Southern blots with Apal were used to identify
the microdeletion of H19-DMR as described previously [Sparago
et al.,, 2004].

Bisulfite Sequencing and Combined Bisulfite

alysis (COBRA)

the sixth CTCF binding site (CTS6)
PCR products of each primary

Bisulfite sequencing
‘was performed. For C

Japan). The methylation
r sets used in this study

f CTCF, OCT4, and
d around H19-DMR,
hree OCT4 sites, and
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RESULTS

We first examined the meth

KvDMR1, and H19-DMR, at 11p

Southern blot analysis. Methylation at KvDMRI was

samples collected (Fig. 1A); however, methylation at H19-DMR
‘was aberrant (Fig. 1B). InPatient 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 CTS6 site was subjected

(rs10732516 and rs2(
‘was completely methylated in the cord blood,
ipher: oo0d, 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 abnormah‘cy
and paternal UPD within the patients’ blood. We also i

e

expected to be homozygous for such polymorphlsms 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
ation (Fig. 2C). However, such contamination was too

YOO NG

SOIHNODL
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small to affect the results of the methylation analyses. In addition,
sequence analysis did not show any mutations in CDKNIC (
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 ‘

DISCUSSION

‘Methylation associ
and reestablished
The paternal pr
lation; extensi

in the placenta
suggesting that
implantation—when
occurs. Aberrant de

centa and thatin embryo- denved bloo
supported by a mouse experiment in whicha mutant maternalallele
harboring a deletion of four CTCE bmdmg 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 hypermethylatmn of mater-
nal H19-DMR is acquired after 1mplantat10n in humans.

We found that of 16 primary imprinted DMRs analyzed only
H19-DMR showed aberrant methylatlon, even methylation at
IG-DMR CG4, another paternally methylated, primary imprinted

 ElliottM, BaylyR, Cole T

1mpr1nted
¢ susceptible
than other imprinted domains to aberrant methylatmn 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
rtant trans- -acting imprinting factor, were found in these

solated GOM at H19 DMR the potential for muta-

08; Demars et al., 2010]
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Abstract

Beckwith-Wiedemann syndrome (BWS) is a common overgrowth syndrome that involves abdominal wall
defects, macroglossia, and gigantism. It is sometimes complicated by placental tumor and polyhydramnios.
We report a case of BWS, prenatally diagnosed with ultrasonography. A large and well-circumscribed tumor
also existed on the fetal surface of the placenta, which was histologically diagnosed as chorangioma after
delivery. Polyhydramnios was obvious and the fetal heart enlarged progressively during pregnancy. Because
the biophysical profiling score dropped to 4 points at 33 weeks of gestation, we carried out cesarean section.
By epigenetic analysis, H19-differentially methylated region hypermethylation was observed in the placental
tumor, normal placental tissue, and cord blood mononuclear cells. This is the first report of BWS with placental
tumor due to H19-differentially methylated region hypermethylation.

Key words: Beckwith-Wiedemann syndrome, epigenetic abnormality, H19-differentially methylated region,
hypermethylation, placental chorangioma, prenatal diagnosis.

Introduction

The incidence of Beckwith-Wiedemann syndrome
(BWS) is estimated to be 1 in 13 700 deliveries.! BWS
presents characteristic findings, genetic abnormalities,
and a higher risk of malignancies. To our knowledge,
there are only four reports of BWS with placental chor-
angioma, but no report was supported by epigenetic
analysis. This is the first report of BWS with placental
chorangioma, biallelic expression of IGF2, and reduced
H19 expression.

Case Report

A 27-year-old woman had an uneventful pregnancy
(gravida O, para 0) until 29 weeks of gestation. Assisted
reproductive technology had not been performed. She

complained of increased abdominal circumference and
a sense of oppression at 29 weeks and 3 days into her
pregnancy. Transabdominal sonography showed that
the fetus was large for the gestational age. Additionally,
a large and well-circumscribed placental tumor mea-
suring about 12 cm in diameter and polyhydramnios
were observed. She was diagnosed with preterm labor
and was transferred to our hospital. Ultrasonography
showed fetal macroglossia (Fig. 1a), enlargement of the
liver (Fig. 1b) and the kidneys (Fig. 1c,d), and a large
and well-circumscribed placental tumor (Fig. 1e). These
clinical physical features suggested a prenatal diagnosis
of BWS. Mild mitral and tricuspid regurgitation
appeared in the fetal heart at 32 weeks of gestation, and
became worse at 33 weeks of gestation. At 33 weeks and
5days of gestation, biophysical profiling score was
dropped to 4 points, and therefore a cesarean section
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BWS with H19-DMR hypermethylation

Figure 1 (a-e) Fetal and placental findings. Characteristic findings were seen using ultrasonography. (a) Macroglossia. (b)
Hepatomegaly, measuring 87 mm (normal range at 29 weeks: 39 mm). (c,d) Enlarged kidneys, measuring 60 x 32 mm in
right side, and 50 x 37 mm in the left side (normal range at 29 weeks: 28 x 15 mm). (¢) A large, well-circumscribed tumor
(12 cm in diameter) was found on fetal side of the placenta (arrows).

was performed for non-reassuring fetal status. The
female baby weighed 2540 g and umbilical arterial
blood pH was 7.127. Apgar scores were 3 and 7 points at
1and 5 min, respectively. The baby had solitary, purple-
red focuses on the body, macroglossia, and distended
abdomen. Blood test showed hyperleukocytosis
(32 520/mm®), anemia (9.0 g/dL), thrombocytopenia
(5.8 x10*/mm?), and coagulopathy (Table1). Blood
transfusion was done for continuous anemia and low
platelet count. For persistent neonatal hypoglycemia
(around 20 mg/dL), steroid and glucose were used to
keep the blood sugar level normal. Although mitral and
tricuspid valve regurgitations existed, the cardiac func-
tion was stable. The fetal heart became progressively
enlarged on the 8th postnatal day, and the baby sud-
denly died of cardiogenic shock on the 64th postnatal
day (Fig. 2).

The weight of the placenta was 1620 g with a well-
capsulated placental tumor measuring 12 cm on the

© 2011 The Authors

Table 1 Coagulopathy in the neonatal blood test

Prothrombin time 454 s
Prothrombin time % <20
International normalized ratio 4.52
Activated partial thromboplastin time >100s
Fibrinogen <60 mg/dL
Fibrin degenerative product 109.9 ug/mL
D-Dimer 35.0 ug/mL

fetal side of the placenta (Fig. 3a). Histological exami-
nation showed enlarged villi with an increased
number of small blood vessels and the tumor was
diagnosed with cellular placental chorangioma
(Fig. 3b,c).

The epigenetic analysis after delivery of the.cord
blood, placenta, and a part of the placental tumor
showed H19-differentially methylated region (DMR)
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Figure 2 Neonatal clinical course. The baby went into a shock state 2 h after delivery, and was resuscitated with heart
massage, cardiotonics and infusion of normal saline and sodium hydrogen carbonate. We performed a blood transfusion
for continuous anemia and low platelet count. Because the glucose supply was not enough for persistent hypoglycemia,
we administered steroids to keep the blood sugar level normal. The fetal heart was progressively enlarged on the 8th
postnatal day, and the baby suddenly died of cardiogenic shock on the 64th postnatal day. CTR, cardiothoracic rate;
DOA /DOB: dopamine/dobutamine; FFP, fresh frozen plasma; GIR, glucose infusion rate; Hb, hemoglobin; PC, platelet
concentrates; PDE Ill-inhibitor, phosphodiesterase Il inhibitor; Plt, platelet; RBC, red blood cell.

Figures 3 (a-c) Macroscopic and
histological appearance of the
placental tumor. (a) A well-
circumscribed  tumor (12.5x
11.5 cm) was found on the fetal
surface of the placenta (arrow).
(b) Villi are enlarged and edema-
tous (in the middle). (c) There is
diffuse vascular proliferation in
the enlarged villi, compatible
with chorangioma.
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hypermethylation. The parental blood tests showed no
epigenetic abnormalities (Fig. 4). Another candidate
methylation alteration site in BWS, KvDMR1, was
normally methylated (data not shown). Genetic
analyses ruled out paternal uniparental disomy of
11p15.5 and mutation of CDKNIC (data not shown).

o
o
8
a
™
[
(1]
E
a2
B
a
a
w
E
8
]
=

Paternal peripheral blood
Maternal peripheral biocod

Cord blood
Normal placenta
Placental tumor

Methylated
band [2.5kb)

Unmethylated
band {1.2kb}

4546 90 517183 % methylated

Figure 4 Epigenetic analysis. Quantity of H19-
differentially methylated region (DMR) methylation
status was determined by Southern blotting. Three
micrograms of genomic DNA was digested with Pstl
and methylation-sensitive Miul. The blot was probed
by the PCR product, which was generated with a
primer pair: 5-CTCCGACTCCGTCTAAGGACA-3
and 5-GAGTGGAGACTGGCGAGTTTC-3". KvDMR1
methylation status was also analyzed by Southern blot-
ting with BamHI and methylation-sensitive Notl. The
blot was probed as previously described.? Band inten-
sity obtained from Southern blotting was measured
with a FL.A-7000. The methylation index was calculated
by (intensity of methylated band/[intensity of methy-
lated band + intensity of unmethylated band]). H19-
DMR hypermethylations are seen in the cord blood,
normal placenta, and a part of the placental tumor
(90%, 71%, 83%, respectively). Biallelic expression of
Igf2 and suppression of H19 caused placentomegaly,
macroglossia, visceromegaly and increased size for
gestational age.

© 2011 The Authors

BWS with H19-DMR hypermethylation

Discussion

Four BWS cases complicated with placental choran-
gioma have been reported,™ but none was supported
by epigenetic analysis. This is, to our knowledge, the
first report proven to have epigenetic abnormality in
BWS with placental chorangioma.

Chorangioma is asymptomatic when the size is
smaller than 5cm in diameter, but chorangiomas
larger than 5cm can cause some clinical problems,
such as polyhydramnios, intrauterine fetal distress or
death, fetal cardiac failure, neonatal anemia and throm-
bocytopenia, and disseminated intravascular coagula-
tion, triggered by thromboplastic substances released
from the small blood vessels in the chorangioma.” In
our case, the tumor size was 12 cm and the features
described above were observed.

Genomic imprinting is an epigenetic modification
that inactivates one allele of a gene in a parent-of-origin-
dependent manner.® Insulin-like growth factor 2 (IGF2)-
H19 imprinting control region (ICR), consisting of a
methylation-sensitive chromatin insulator on chromo-
some 11p15.5, is responsible for epigenetic malforma-
tions in BWS.” In the Igf2-H19 domain, especially in the
placenta and tissues of endodermal origin, such as the
liver, allele-specific gene expressions of parental origin
are regulated by ICR located 2-4 kb upstream of the
H19 promoters. This region functions as a methylation-
sensitive insulator that binds to CCCTC-binding factor
(CTCF) on the unmethylated maternal allele. Alterna-
tively, on the paternal allele, DNA methylation of ICR
prevents CTCF binding, which permits access of the
downstream enhancers to paternal Igf2 promoters.®

In BWS cases, which have H19-DMR methylations
in both paternal and maternal alleles (H19-DMR
hypermethylation), the enhancers on the maternal
allele activates IGF2 promoters, leading to biallelic
IGF2 expression and the maternal copy of the HI19
gene is silenced because of expanded methylation to
its promoter. Expression of imprinting gene, IGF2,
depends on whether ICR is methylated or not, and
loss of imprinting (LOI) of IGF2 is associated with
downregulation of HI9 expression, as previously
reported.” Using epigenetic analysis, we could
prove the existence of HI9-DMR hypermethylation in
the cord blood, placenta, and the placental tumor.
Although we could not show biallelic IGF2 expression
because of homozygosity for IGF2 polymorphism in
the case (data not shown), H19-DMR hypermethyla-
tion would result in biallelic IGF2 expression and
associated reduced expression of H19 due to the
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reason mentioned above. In view of the potential
function of IGF2-H19, these conditions led to cell pro-
liferation and caused clinical appearances, such as
macroglossia, visceromegaly (increased abdominal cir-
cumference), and the placental tumor. We explained 6
to the mother that an occasional epigenetic abnormal-
ity (H19-DMR hypermethylation) caused BWS in the
baby and that it would be extremely rare to recur in

7
the next pregnancy.

8
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The DIk1-Dio3 imprinted domain on mouse chromosome 12 contains IG-DMR and Gt2-DMR, whose
methylation patterns are established in the germline and after fertilization, respectively. In this study, we
determine that acquisition of DNA methylation at the paternal allele of the GtI2-DMR is initiated after the
blastocyst stage and completed by embryonic day 6.5, and that Gtl2 (approved symbol: Meg3) is
monoallelically expressed from the maternal allele as early as the blastocyst. Therefore, DNA methylation
at the GtI2-DMR is not a prerequisite for the imprinted expression of Gtl2, which may be involved in the
control of proliferation and differentiation of cells during early gestation. We also reveal that a subregion of
the IG-DMR exhibits tissue-specific differences in allelic methylation patterns. These results add to the
growing body of knowledge elucidating the mechanism whereby parent-of-origin-dependent DNA

methylation at the IG-DMR leads to the imprinted expression of the DIk1-Dio3 cluster.

© 2011 Elsevier Inc. All rights reserved.

1. Introduction

Genomic imprinting is an epigenetic mechanism that regulates
transcription, whereby the expression of a subset of genes is limited to
or biased towards one parental allele. To date, over one hundred
imprinted genes have been identified in the mouse (http://www.har.
mrc.ac.uk/research/genomic_imprinting). Imprinted genes tend to be
clustered on the genome. One of the common features among
imprinted loci is that such genomic intervals include one or more
differentially methylated regions (DMRs), which exhibit parent-of-
origin dependent DNA methylation patterns [1]. DMRs have been
classified into two types according to the time at which their DNA
methylation patterns are established. Primary (germline) DMRs
harbor allelic DNA methylation inherited from the male or the female
gamete. Secondary (post-zygotic) DMRs acquire parent-of-origin
dependent methylation patterns after fertilization. In mice, germline
DMRs are shown to be established during the oocyte growth stage
(postnatal days 5 to 20) [2,3] or the prospermatogonia stage
(embryonic days 14.5 to newborn) [4-6] by a DNMT3L-dependent
mechanism [7-12]. Several germline DMRs have been shown to
govern the imprinted expression of genes as well as the
methylation of post-zygotic DMRs within chromosomal regions.
These germline DMRs, known as imprinting control regions
(ICRs), regulate these regions by cis-acting mechanisms. [13-15]. On

* Corresponding author at: Department of Maternal-Fetal Biology, National Research
Institute for Child Health and Development, 2-10-1 Okura, Setagaya, Tokyo 157-8535,
Japan. Fax: + 81 3 3417 2864.

E-mail address: knakabayashi@nch.go.jp (K. Nakabayashi).

0888-7543/$ - see front matter © 2011 Elsevier Inc. All rights reserved.
doi:10.1016/j.ygen0.2011.05.003

the other hand, little is known about the function of secondary DMRs in
the regulation of imprinted gene expression, as well as cis-acting
mechanisms and trans-acting factors that establish DNA methylation at
secondary DMRs.

Studies focusing on the regulatory functions of ICRs have
revealed a number of different molecular mechanisms that
underlie the coordinated and long-range regulation of imprinted
genes. In the H19/Igf2 domain, long range chromatin interactions
mediated by CTCF between the primary HI9-DMR and the
secondary Igf2-DMRs play an integral role in the regulation of
imprinted gene expression at this locus [13,16]. Another mecha-
nism involves non-coding (nc) RNAs such as Airn in the Igf2r
locus and Kcnglotl in the Kcngl imprinted gene cluster. These
ncRNAs are transcribed from ICRs and are shown to be
functionally linked to the silencing of genes in cis through
gene- and lineage-specific repressive chromatin modifications
[14,17,18]. These two mechanisms are likely to be involved in the
regulation of many other imprinted loci as well. However, the
sequence of events leading to the establishment and maintenance
of imprinted expression for a cluster of genes remains largely
elusive for many imprinted loci.

The DIk1-Dio3 imprinting cluster on mouse distal chromosome 12
contains the intergenic germline-derived DMR (IG-DMR) and the
Gtl2-DMR, whose methylation patterns are established in the germ-
line and after fertilization, respectively [19,20]. The cluster consists of
at least three paternally expressed protein-coding genes (DIk1, Rtl1,
and Dio3), and four maternally expressed ncRNAs (Gt2, Anti-Rtl1, Rian
and Mirg). The IG-DMR is shown to function as the ICR of this
imprinted gene cluster [15,21]. A targeted disruption study of the IG-
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DMR [15] has revealed that the maternally inherited IG-DMR, which
is unmethylated, is essential in the embryo to maintain the
unmethylated status of the GtI2-DMR, the expression of the ncRNAs,
and the repression of the protein-coding genes, on the maternal allele.
However, the principal mechanism whereby the allele-specific
methylation at the IG-DMR leads to the imprinted expression of the
cluster of genes on chromosome 12 is unknown. It has been also
demonstrated that, in the placenta, the absence of the maternally
inherited IG-DMR results in the activation of protein-coding genes but
only partial repression of the ncRNAs, and leads to no phenotypic
consequence [21]. Therefore, mechanisms underlying the imprinted
expression of the maternally-expressed ncRNAs are different between
the embryonic and the extra-embryonic tissue lineages.

Among known secondary DMRs, the Gt[2-DMR is unique in that it
has been demonstrated to possess an essential long-range imprinting
regulatory function. A neonatal patient showing a paternal uniparen-
tal disomy 14-like phenotype in the body but not in the placenta was
identified to have a maternally-inherited heterozygous microdeletion
that encompasses the MEG3-DMR (the human orthologue of the
mouse Gtl2-DMR) but not the IG-DMR. In this patient, the maternal
allele of DLK1 has been shown to be reactivated [22]. Recent studies
have used knockout mouse models with targeted deletions of the Gtl2
locus, spanning the Gti2-DMR. These studies have also suggested that
Gtl2 and/or Gti2-DMR could regulate the expression of maternally
expressed genes, indicating that the methylation of the Gt/2-DMR is a
critical element in the DIk1-Dio3 imprinted domain [23,24]. In light
of the critical roles that Gtl2 and Gtl2-DMR may play in the
imprinted regulation of this region, understanding the epigenetic
mechanisms that govern them during early development is
expected to further elucidate the mechanisms regulating the
DIk1-Dio3 imprinted domain.

Recently, Stadtfeld et al. [25] reported that mouse induced
pluripotent stemn cells (iPSC) with repressed expression of maternally
expressed ncRNAs in the DIk1-Dio3 domain contributed poorly to
chimeras and failed to generate all-iPSC mice. In contrast, iPSCs with
normal ncRNA expression patterns contributed to high-grade chimeras
and produced all-iPSC mice. Hypermethylation of both the IG-DMR and
the GtI2-DMR was found to be associated with the reduced expression of
ncRNAs in the iPSCs exhibiting poor contribution to chimeras [25]. This
epimutation is considered to be caused by the iPSC reprogramming,
rather than existing aberrant methylation patterns in the DMRs of the
somatic cell of origin [25]. Therefore, a better understanding of the
epigenetic regulation of these DMRs may eventually lead to improved
reprogramming strategies of iPSC.

In this study, we determined the allelic DNA methylation patterns
at the IG-DMR and the Gtl2-DMR, as well as the allelic expression
patterns of DIk1 and Gtl2 at early developmental stages (embryonic
days 3.5 to 7.5) in embryonic and extra-embryonic tissues.

2. Results

2.1. Developmental dynamics of allelic DNA methylation patterns at
IG- and Gtl2-DMRs in sperm, blastocysts, and post-implantation
embryos

We examined allelic DNA methylation patterns at the IG-DMR and
the Gt2-DMR in whole embryos at embryonic day 3.5 (E3.5) and E5.5 as
well as their methylation status in sperm. We regarded the genomic
intervals defined by Kobayashi et al. [26] and Takada et al. [20] as the IG-
DMR and the Gtl2-DMR, respectively. Three regions within the IG-DMR
and the two regions within the Gt/2-DMR were chosen as targets for
bisulfite sequencing (Fig. 1A). All five regions contain at least one single
nucleotide polymorphism (SNP) between C57BL/6 (B6) and JF1/Ms
(JF1) strains that can distinguish parental alleles in F1 hybrid materials
(see details in Section 4.2 in the Materials and methods).

The IG-DMR was heavily methylated in all three regions (methyl-
ation percentage 81.3-95.8%) in sperm (Fig. 1B) as shown previously
[20]. In blastocysts (E3.5), all three regions within the IG-DMR were
maternally unmethylated (0-1.8%), yet paternally methylated (43.1-
71.8%) (Fig. 1B). The observed levels of paternal methylation at E3.5
were significantly lower than those observed in sperm, implying that
the paternal IG-DMR partially loses methylation at CpG dinucleotides
after fertilization. This loss of methylation may be caused by the
active and the passive demethylation of the paternal genome in
pronucleus and preimplantation embryos, respectively [27,28]. At
E5.5, the maternal allele of IG-DMR was found to be hypomethy-
lated (1.9-18.3%), and the paternal allele to be hypermethylated
(80.2-91.4%; Fig. 1B). The methylation level of the paternal allele
was consistently higher at E5.5 than at E3.5. Additionally, it was
almost fully methylated at E5.5 in all three regions examined,
suggesting that de novo methylation events occur on the paternal
allele of the IG-DMR during the developmental period between
E3.5 and E5.5. These are the first results to illustrate the
developmental dynamics of paternal methylation levels at the
IG-DMR around the implantation period.

The differential methylation of the Gt[2-DMR on the paternal
allele has been shown to be established in E13.5 embryos [20].
However, the post-zygotic stages at which the region's paternal
methylation is initiated and completed remain unknown. Addi-
tionally, the relationship between the imprinted expression of Gt/2
and DNA methylation at the GtI2-DMR has not been elucidated.
We confirmed that the Gt[2-DMR was unmethylated in sperm, and
found that it was unmethylated on both parental alleles in
blastocysts (Fig. 1B). In E5.5 embryos, the maternal allele
remained hypomethylated (6.0 and 11.7%), while the paternal
allele became partially methylated (55.2% in R4 and 42.7% in R5
regions) (Fig. 1B). In E6.5 and E7.5 embryos, the paternal allele of
the GtI2-DMR was found to be heavily methylated (75.8% or
higher) (Fig. 1C). These data demonstrate that paternal methyl-
ation of the GtI2-DMR is initiated after the blastocyst stage and is
completed by E6.5 stage in the embryonic lineage.

2.2. Allelic DNA methylation patterns at IG- and GtI2-DMRs in early
and late gestational stages

It has been reported that, in both human and mouse placenta,
the IG-DMR maintains its allele-specific methylation patterns,
whereas the GtI2-DMR does not show differential methylation
between parental alleles [21,29,30]. To determine the develop-
mental stage at which the allelic methylation patterns at the Gti2-
DMR diverge between embryonic and extra-embryonic lineages,
we examined the DNA methylation status of the GtI2-DMR as well
as the IG-DMR in E6.5 and E7.5 tissues. In extra-embryonic tissues
at both E6.5 and E7.5 stages, the Gtl2-DMR was partially
methylated on both parental alleles, whereas its differential
methylation was well maintained in embryonic tissues (Fig. 1C).
The GtI2-DMR was previously shown to be partially methylated on
both parental alleles in late gestation (E16.5) placentas [21,29].
Our results demonstrate that the allelic methylation pattern
observed in E16.5 placenta is already present in the extra-
embryonic lineage at E6.5 stage.

Unexpectedly, we observed loss of differential methylation at the
R2 and R3 regions within the IG-DMR in extra-embryonic tissues,
although the R1 region maintained its differential methylation. The
loss of differential methylation was more evident in E7.5 stage than in
E6.5 stage (Fig. 1C). To assess whether the loss of differential
methylation at the R2/R3 regions as well as the R4/R5 regions was
specific to the extra-embryonic lineage, we examined the allelic
methylation patterns of the R1-R5 regions in fetal tissues from late
gestation time points. E16.5 skeletal muscle, E15.5 brain, and E16.5
liver were analyzed since they represent tissues derived from the
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Fig. 1. Allelic DNA methylation patterns at the IG-DMR and the Gt2-DMR during embryonic and extra-embryonic development. {A) A schematic diagram of the locus containing the
IG-DMR and the GtI2-DMR (shown as open boxes). The bars under the open boxes indicate the regions (R1-R5) analyzed by bisulfite sequencing. The arrow indicates the
transcription start site of Gtl2. Scale bar =1 kb. (B-D) Graphical representation of the methylation percentage at each CpG site in sperm, blastocysts at E3.5 (Blast), and embryos at
E5.5 (E5.5_Emb) (B), in embryonic (Emb) and extra-embryonic (Exe) tissues at E6.5 and E7.5 (C), and in fetal tissues (E16.5 skeletal muscle, E15.5 brain, and E16.5 liver) (D). The
vertical bars represent the percentage ratio of methylated cytosine at each CpG site, which were determined from the data of clone-based bisulfite sequencing (Supplementary Fig.
1). Overall methylation percentage for each region (the number of methylated CpGs per the number of total CpGs) is shown under each panel. As described in the Materials and
Methods (Section 4.2), methylation percentage for each CpG site and each region was calculated using bisulfite sequencing data for a single sample (sperm and E15.5/16.5 fetal
tissues) or two independent samples (E3.5 to E7.5 samples). M and P denote maternal and paternal alleles, respectively.

mesoderm, the ectoderm, and the endoderm, respectively. We found
that differential methylation at the R1 region of the IG-DMR and the
R4/R5 region of the Gtl2-DMR was strictly conserved. In contrast,
differential methylation at the R2/R3 regions of the IG-DMR was
partially lost to varying degrees in these tissues (Fig. 1D). Partial gain
of methylation on the maternal allele (most notably observed in
skeletal muscle) and partial loss of methylation on the paternal allele
(most remarkably observed in the liver) were detected. Taken
together, our data demonstrate that only a subregion of the IG-DMR
containing the R1 region strongly maintains allele-specific differential
methylation during embryonic development, whereas the rest of
region containing the R2/R3 regions exhibits various tissue-specific
allelic methylation patterns.

2.3. Allelic expression patterns of DIk1 and Gtl2 during embryonic and
extra-embryonic development

We subsequently assessed the expression levels and the allelic
expression patterns of DIk and GtI2. Although the expression of GtI2
is shown to be detectable as early as the pre-implantation stage [31],
previous studies have not assessed the expression levels of these
genes in a quantitative manner and have not determined their allelic
expression patterns during early gestation (E3.5 to 7.5). Therefore, we
performed both quantitative RT-PCR and pyrosequencing to quantify
the allelic expression of these transcripts.

To determine the relative expression levels of Gtl2 and DIk1,
quantitative RT-PCR was performed using E3.5 to E7.5 tissues and
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