Masubuchi et al. Clinical Epigenetics (2026) 18:38

https://doi.org/10.1186/s13148-026-02065-5 Clinical Epigenetics

Check for
updates

Methylation profile characteristics in the
H19/IGF2:1G-DMR revealed by long-read
sequencing analysis in patients with Beckwith-
Wiedemann syndrome having defects in the
OCT4/S0X2 binding site

Hayate Masubuchi'?, Tatsuki Urakawa'?, Rika Kosaki*, Riki Nishimura>®, Yasunori Wada’, Sumito Dateki?,
Hideaki Yagasaki®, Reiko Kagawa®, Yutaka Nishimura'®, Hidenobu Soejima'", Tsutomu Ogata'*'3, Maki Fukami' and
Masayo Kagami'”

Abstract

Background Beckwith-Wiedemann syndrome (BWS) is an imprinting disorder with characteristic clinical features
such as overgrowth and macroglossia. Hypermethylation of the H19/IGF2:IG-differentially methylated region (H19-
DMR) is identified in 5% of BWS patients. Although defects in the OCT4/SOX2 binding sites (OBS) on the maternal
allele have been reported in patients with hypermethylated H719-DMR, the precise methylation patterns in patients
with OBS abnormalities remain elusive. Nanopore long-read sequencing (LRS) obtains sequence reads 10-100 kb
long together with single-molecule DNA modifications, such as 5-methylcytosines. Furthermore, LRS can separate
reads into haplotypes 1 and 2 based on information from single-nucleotide variants and indels on reads. Here, we
conducted LRS to elucidate the abnormal hypermethylation patterns of the H19-DMR in BWS patients with and
without OBS abnormalities and evaluate the differences between mothers and their offspring in familial cases with
OBS abnormalities.

Results We included 14 sporadic patients and four familial patients from two families with BWS showing
hypermethylation of the H19-DMR. Amplicon sequencing for the H79-DMR detected OBS abnormalities in four
(28.6%) sporadic cases (three point mutations, one 21-bp microdeletion overlapping OBS), an OBS point mutation in
family A, and a 2.6 kb deletion involving OBS in family B. Subsequently, we conducted targeted LRS and examined
methylation indexes for 247 CpGs in the H19-DMR in three sporadic patients with OBS abnormalities, two sporadic
patients without OBS abnormalities, and all familial patients with OBS abnormalities. In patients with point mutations
and a 21-bp microdeletion affecting a single base in OBS, CpGs in the H19-DMR had obvious hypermethylation in
the vicinity of OBS and mild-to-moderate hypermethylation with increased distance from OBS; however, in patients
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with deletions including OBS, CpGs had moderate hypermethylation in the entire H719-DMR. In families A and B,
methylation levels were higher in offspring than in their mothers.

Conclusion Because 28.6% of sporadic patients had OBS abnormalities, genetic examination for OBS should be
considered in BWS patients with hypermethylated H19-DMR. LRS analysis for the H19-DMR revealed differences in
methylation patterns between patients with and without OBS abnormalities and the methylation levels of each CpG
between mothers and their offspring in families with OBS abnormalities.

Keywords Beckwith-Wiedemann syndrome, H19/IGF2:1G-DMR, OCT4/SOX2 binding site, Long-read sequencing,

Methylation analysis

Background

Beckwith-Wiedemann  syndrome (BWS; OMIM
#130,650) is an imprinting disorder characterized by
distinctive clinical features, such as overgrowth, mac-
roglossia, and abdominal wall defects [1, 2]. The BWS-
responsible 11p15.5 imprinted region has two imprinting
centers, the HI9/IGF2:1G-differentially methylated
region (H19-DMR), so-called imprinting center 1, and
the KCNQ1OTI1:TSS-DMR (Kv-DMR), so-called imprint-
ing center 2 [3]. BWS is caused by abnormal expression
of the imprinted genes at the 11p15.5 imprinted region,
increased expression of the paternally expressed IGF2
gene, and/or decreased expression of the maternally
expressed CDKNIC gene [4]. Hypomethylation of the
Kv-DMR observed in 50% of patients with BWS results
in decreased CDKN1C expression, and hypermethylation
of the HI19-DMR identified in 5% of patients with BWS
causes increased /GF2 expression [5, 6]. Recently, the
concept of the Beckwith-Wiedemann spectrum (BWSp)
and the BWSp score as a clinical scoring system have
been proposed [1]. The BWSp score consists of basic fea-
tures with two points and suggestive features with one
point [1]. Patients with a score of four or more on the
BWSp are clinically diagnosed with BWS, and those with
a score of two or more are recommended to undergo
genetic testing for BWS [1].

The CpGs in the HI9-DMR, located approximately
6 kb within the 11p15.5 imprinted region, are unmethyl-
ated on the maternally inherited allele and methylated on
the paternally inherited allele. Gain of methylation at the
HI9-DMR on the maternal allele leads to biallelic /GF2
expression and silencing of H19 and causes BWS phe-
notype. The OCT4/SOX2 binding sites (OBS) within the
HI9-DMR function to maintain the unmethylated H19-
DMR on the maternal allele [7]. The H19-DMR defined
by Monk et al. [8] does not include OBS0, but OBSO0 is in
the vicinity of the H19-DMR, whereas OBS1 and OBS2
are positioned within the H19-DMR [9]. Mutations or
deletions involving the OBS1 on the maternal allele cause
hypermethylation of the H19-DMR due to failure of pro-
tection from genome-wide de novo methylation after fer-
tilization [9, 10]. In a previous study, approximately 20%
of BWS patients with hypermethylated H19-DMR had

OBS abnormalities [10]. However, the precise methyla-
tion pattern in patients with defects of the OBS remains
elusive.

Long-read sequencing (LRS) analysis, released by
Oxford Nanopore Technologies (ONT), obtains sequence
reads 10-100 kb long together with single-molecule
DNA modifications, such as 5-methylcytosines (5-mC),
by measuring changes in the electrical signal generated
when DNA strands pass through a biological pore [11,
12]. Furthermore, based on the information of single-
nucleotide variants and indels on reads, LRS can sepa-
rate the reads into haplotypes 1 and 2. A previous study
showed that 12 or more reads are needed to obtain reli-
able methylation indexes with a probability of more than
90% using LRS [13]. Targeted-LRS (T-LRS) using adap-
tive sampling enriches 0.1%—10% of the whole-genome
region and achieves 5-10 times greater depth than
whole-genome LRS [14]. We believe that LRS is a suitable
method for accessing the contiguous methylation levels
of CpGs across the entire H19-DMR. Here, we examined
OBS abnormalities in patients with BWS showing hyper-
methylation of the H19-DMR using amplicon sequenc-
ing, conducted sequence and methylation analyses using
T-LRS in patients with OBS abnormalities and patients
without OBS abnormalities, and revealed the meth-
ylation patterns in patients with OBS abnormalities and
methylation levels of each CpG between mothers and
their offspring in families with OBS abnormalities.

Results
The study flow is shown in Fig. 1.

Identification of the patients with hypermethylation of the
H19-DMR

We conducted methylation analysis using methylation-
specific multiplex ligation-dependent probe amplification
(MS-MLPA) [15] and/or pyrosequencing as previously
reported [16-18] for the HI19-DMR and Kv-DMR in
233 patients suspected of having BWS and detected 18
patients with hypermethylation of the H19-DMR alone.
Of these patients, 14 were sporadic cases, and four were
familial cases (Fig. 1, Fig. S1, and Table 1). As shown in
Fig. S1, sporadic Pt. 4 and Family B, comprising Pt. 7
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Fig. 1 Study flowchart. BWS, Beckwith-Wiedemann syndrome; DMR, differentially methylated region; H19-DMR, H19/IGF21G-DMR; OBS, OCT4/SOX2

binding site

(mother) and 8 (offspring), had a probe with a decreased
copy number in the H19-DMR.

Amplicon sequence analysis for the H19-DMR and
identification of OBS abnormalities

We conducted amplicon sequencing for the H19-DMR,
including three OBS with the next-generation sequencer
in 18 patients (14 sporadic patients and 4 familial
patients) as previously reported [19] and detected point
mutations, a 21-bp microdeletion affecting a single base
in OBS, and microdeletions including OBS in four out of
14 sporadic patients and four patients from two families.
Pt. 1 and 2 had the previously reported same point muta-
tion (chr11:2,001,789 A > G, hg38) in OBS [10, 20], and Pt.
3 had a novel point mutation (chr11:2,001,784 T>A) in
OBS (Fig. 2A). We confirmed these mutations in OBS by
Sanger sequencing (Fig. 2B). Subsequently, we conducted
Sanger sequencing on the family members, although we
could not obtain samples from the family members of Pt.
1. We identified the same mutations in mothers of Pt. 2
and Pt. 3, but not in the grandfathers or grandmothers of
both patients. To clarify the parental origin of OBS muta-
tions in their mothers, we conducted Sanger sequencing
using genomic DNA of the mothers treated with meth-
ylation-sensitive restriction enzymes (MSRE) as previ-
ously reported [21] and confirmed the mutations in both
mothers on the paternal allele (Fig. S2). Pt. 4 had a 21-bp
deletion affecting a single base in OBS (chr11:2,001,763—
2,001,783) (Fig. 2C). Sanger sequencing revealed that the
mother also had the same 21-bp deletion (Fig. S2). Family
A, consisting of Pt. 5 (mother) and Pt. 6 (offspring), had
previously revealed a point mutation (chrl1:2,001,788
C>T) in OBS (Fig. 2A and D) [9, 22]. Family B, consisting

of Pt. 7 (mother) and 8 (offspring), had a microdeletion
involving OBS (chr11: 2,001,595-2,004,249) (Fig. 2E).

Clinical characteristics of the patients

The clinical features of patients with and without OBS
abnormalities are shown in Table 2. We were unable to
obtain clinical information in three patients without OBS
abnormalities. All patients with OBS abnormalities had
a score of four or more on the BWSp and showed mac-
roglossia and large birth weight (>2 standard deviations
[SD]). Omphalocele, hyperinsulinism, transient hypogly-
cemia, and embryonic tumors including Wilms tumor,
were not observed in any patients with OBS abnormali-
ties. In family A, the mother and offspring had four and
five points, respectively, and in family B, the mother and
offspring had six and five points, respectively. Lateralized
overgrowth was shown only in family B.

Definition of the normal range of CpGs in the H19-DMR in
T-LRS

We conducted LRS analysis in seven normal controls
and determined the normal range of Mls for all CpGs in
the H19-DMR. We defined the normal range of MI for
each CpG as [MI|<3 SD in seven healthy controls (Table
S1). We designed targeted regions for the H19-DMR and
other DMRs using adaptive sampling based on previ-
ous studies [8, 23], which comprised 1.2% of the whole
genome (Table S2). The H19-DMR included 247 CpGs.
We calculated MI for a CpG with 12 or more read counts
in each control, following a previous study [13]. Figure 3
shows the normal range of the MIs in the H19-DMR
determined by LRS analysis. The normal range of MlIs
in CpGs within the H19-DMR were typically around 0.5
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Fig. 2 The results of amplicon sequencing and Sanger sequencing for OBS in patients with defects of OBS and their family members. A The results of
amplicon sequencing for OBS in patients with point mutations. B The results of Sanger sequencing in sporadic patients with OBS point mutations. C The
results of amplicon sequencing and Sanger sequencing for OBS in patient 4 with a 21-bp deletion. D The results of Sanger sequencing for an OBS point
mutation in Family A and E Screenshot from IGV for the deleted region involving OBS in Family B and the results of Sanger sequencing for the breakpoint.
OBS, OCT4/SOX2 binding sites; Pt, patient, IGV, Integrative Genomics Viewer
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Table 2 Clinical findings in patients with BWS caused by hypermethylation of the H719-DMR

Sp. Pt. with OBS abnormalities

Point mutation Micro-deletion Family A Family B Total Pt. with- P
out OBS val-
abnormalities ueP

Pt.1 Pt.2 Pt.3 Pt.4 Pt.5 Pt.6 Pt.7 Pt.8 n=8 n=7

Karyotype (46,XX vs 46,XY) 46, XY 46 XX 46 XX 46,XX 46, XX 46 XY  46XX  46XY 53 43 -
Sex M F F F F M F M -
Present age (years) 5 11 5 12 31 2 28 8 12Qto  8(6to12) -
31)
GA (weeks) 35 38 37 37 36 40 38 39 37535 36(26t038) 030
to 40)
Birth process (C/S vs V) /S % % \% % % \% 17 5:1 0.01
BL (SDS)® 38 20 1.2 23 4.0 5.1 1.0 2.1 21(10to 19(12t042) 060
5.1)
BW (SDS)? 6.6 29 25 42 56 20 25 27 28(20to 36(18t056) 065
6.6)
BH (SDS)? 04 0.7 09 0.1 1.1 0.0 U 13 07(00to 1.0(00t023) 043
1.3)
BWSp score 8 4 5 7 4 5 6 5 5(4to8 5(3tobH) 0.23
Macroglossia + + + + + + + 8/8 7/7 -
Omphalocele - - - - - - - - 0/8 0/7 -
Lateralized overgrowth + - - - - - + + 3/8 1/7 044
Hyperinsulinism - - - U - - - - 0/7 0/7 -
Wilms tumor - - - - - - - - 0/8 0/7 -
Abdominal wall defects - - - - + + + - 3/8 4/7 0.78
Facial hemangioma + - - - - - - - 1/8 0/7 0.21
Polyhydramnios + U - + - - - - 2/7 1/7 0.60
Large birth weight + + + + + + + + 8/8 4/7 0.04
Ear creases - + + + - - - - 3/8 1/7 0.88
Organomegaly + - + + - + - - 4/8 4/7 045
Embryonal tumors - - - - - - - - 0/8 0/7 -
Transient hypoglycemia - - - + - - - - 1/8 0/7 0.25

BWS, Beckwith-Wiedemann syndrome; BWSp score, Beckwith-Wiedemann spectrum clinical score; Sp., sporadic; GA, gestational age; Pt., patient, BL, birth length;
BW, birth weight; BH, birth head circumference; SDS, standard deviation score; M, male; F, female; U, unknown; C/S, cesarean section; V, vaginal

2SDS of the gestational age-matched and sex-matched Japanese reference data (http://jspe.umin.jp/medical/keisan.html)

The Mann-Whitney U test was used for finding the statistically significant difference of GA, BL, BW, BH, and BWSp score. Fisher’s exact test was used for analysis of

the birth process and other BWS symptoms

(completely differentially methylated) in certain regions;
however, in other regions, MIs in CpGs were over 0.8, as
previously reported [24, 25]. Most CpGs set MS-MLPA
probes were completely differentially methylated. Fig-
ure 4A shows the results of the methylation analysis
using LRS on Integrative Genomics Viewer (IGV) in a
normal control. Based on the methylation pattern in the
HI19-DMR, methylated on the paternally inherited allele
and unmethylated on the maternally inherited allele, the
upper haplotype was inherited from the father, and the
lower haplotype was inherited from the mother.

T-LRS analysis in patients with BWS

We conducted T-LRS for two sporadic cases with an
OBS point mutation (Pt. 1 and 3), one sporadic case with
21-bp deletion affecting OBS (Pt. 4), four family cases
from two families with OBS abnormalities (Pt. 5-8), and

two sporadic cases without OBS abnormalities (Pt. 9 and
10). Because Pt. 2 and 3 had the same point mutation
previously reported (chr11:2,001,784 T >A) and only Pt.
3 had sufficient DNA sample volume for LRS analysis, we
conducted LRS analysis only in Pt. 3. We calculated MIs
for CpGs within the H19-DMR and evaluated methyla-
tion patterns and levels by comparing patients with and
without OBS abnormalities, as well as comparing moth-
ers and offspring who shared the same OBS abnormali-
ties within the same family. To obtain 12 or more reads
for each CpG, we used two or three MinION flow cells
and a half PromethION flow cell for T-LRS in Pt. 5, 6, 7,
and 8 and a single PromethION flow cell for T-LRS in
Pt. 1, 3, 4, 9, and 10, respectively. Mean coverage of 247
CpGs in the H19-DMR were 24.3 in Pt. 1, 24.8 in Pt. 3,
17.4 in Pt. 4, 26.5 in Pt. 5, 22.7 in Pt. 6, 19.7 in Pt. 7, 13.8
in Pt. 8, 25.6 in Pt. 9, and 43.8 in Pt. 10, and the read
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Fig. 3 The normal range of MIs in the H19-DMR. The gray background shows the normal range of Mls in CpGs. The light blue bar indicates the probe
location examined by MS-MLPA. The yellow triangle and green diamond indicate OBS and CTS, respectively. The sequence reads were aligned for GRCh38.
The location of the OBS and the CTS are shown below. Mls, methylation indexes; H19-DMR, H19/IGF2I1G-DMR; IG, intergenic; DMR, differentially methylated
region; MS-MLPA, methylation-specific multiple ligation-dependent probe amplification; OBS, OCT4/SOX2 binding site; CTS, CTCF target site

counts in each CpG in each patient are shown in Table
S3. LRS also showed OBS abnormalities in patients 1, 3,
4,5,6,7,and 8 (Fig. 4B).

Subsequently, to evaluate the methylation pattern of
the HI19-DMR in patients with various OBS abnormali-
ties and without OBS abnormalities, we plotted MIs in all
CpGs within the H19-DMR (Fig. 5). In Pt. 1, 3, 5, and 6
with OBS point mutations, CpGs showed obvious hyper-
methylation in the locus near the OBS and mild-to-mod-
erate hypermethylation in the locus away from the OBS.
In Pt. 4 with a 21-bp deletion affecting a single base in
OBS, the methylation pattern was close to that observed
in patients with point mutations (Fig. 5). In Pt. 7 and 8
with a microdeletion including OBS, CpGs consistently
exhibited moderate hypermethylation in the whole
HI19-DMR. On the other hand, in patients without OBS
abnormalities, CpGs showed extreme hypermethylation
across the H19-DMR (Fig. 5).

Next, we compared methylation levels of CpGs
between the mother and the offspring with the same OBS
abnormality in each family. In family A, the offspring
(Pt. 6) had higher abnormal hypermethylation than the
mother (Pt. 5) in most CpGs in the H19-DMR (Fig. 5). In
Family B, the offspring (Pt. 8) also showed higher abnor-
mal hypermethylation than the mother (Pt. 7) in most
CpGs in the H19-DMR (Fig. 5). We evaluated the dif-
ference in MIs between the mothers and their offspring
(AMI) (Fig. S3). In both families A and B, AMI increased
away from the OBS (Fig. S3).

Discussion

We identified OBS abnormalities in four sporadic
patients and four patients from two families of 18
patients with BWS showing hypermethylation of the
HI19-DMR. Subsequently, we defined the normal meth-
ylation levels of the continuous 247 CpGs in the HI19-
DMR using T-LRS in seven control samples, examined
MlIs of 247 CpGs within the H19-DMR using T-LRS, and
showed the characteristics of the methylation patterns in
patients with and without OBS abnormalities and differ-
ences of the methylation levels in CpGs between mother
and offspring in each family with OBS abnormality.

In our study, four (28.5%) out of 14 sporadic patients
with BWS had OBS abnormalities. Of them, Pt. 3 and 4
had a novel point mutation (chr11:2,001,784 T >A) and
a 21-bp deletion (chr11:2,001,763-2,001,783) on the
maternal allele, respectively. The methylation patterns in
Pt. 3 and 4 were similar to those in other patients with
OBS point mutations (Pt. 1, 5, and 6), which were obvi-
ous hypermethylation in CpGs near the OBS and mild-
to-moderate hypermethylation in CpGs away from the
OBS. In addition, the mothers of Pt. 3 and 4 without
BWS phenotype also had the same mutation and a 21-bp
microdeletion identified in their children on the paternal
allele, respectively. These findings suggest the pathoge-
nicity of this novel point mutation and a 21-bp deletion
affecting OBS and leading to BWS. Abi Habib et al. also
reported OBS abnormalities in 10 (19.2%) of 52 patients
with BWS showing hypermethylation of the H19-DMR
[10]. Because female patients with OBS abnormalities
have a 50% recurrence rate for BWS, sequencing analysis
for OBS in patients with hypermethylation of the H19-
DMR should be considered.
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Our study using T-LRS analysis first revealed con-
tinuous methylation levels of 247 CpGs within the H19-
DMR in BWS patients with hypermethylation of the
HI9-DMR and identified differences in the methylation
pattern between patients with various OBS abnormali-
ties and patients without OBS abnormalities. As shown
in Fig. 6, several studies showed methylation levels for
CpGs in mainly CTCEF-target-sites (CTS) in the HI9-
DMR using Southern blot hybridization analysis, bisulfite
sequencing, and combined bisulfite restriction analysis
in patients with microdeletions involving OBS [26-29]
and patients with point mutations in OBS [9, 10, 20, 22].
In previous studies, cases with point mutations showed
more severe hypermethylation, particularly at loci dis-
tant from the OBS, compared to cases with microdele-
tions (Fig. 6). Our patients with point mutations (Pt. 1,
3, 5 and 6) and a patient with a 21-bp deletion affecting
OBS (Pt. 4) exhibited similar methylation patterns to
those observed in previously reported cases with point
mutations. Besides, OBS, including eight bases, is sepa-
rated into two sites, namely ATTA (POU-S binding site)
and GCAT (POU-HD binding site) [30]. Of our patients
with OBS point mutations, Pt. 1, 5, and 6 had point
mutations in the POU-HD binding site, and Pt. 3 and 4
had point mutations and microdeletions in the POU-S
binding site. We compared MI plots between the group
comprising patients 1, 5, and 6 and the group compris-
ing patients 3 and 4, and no obvious differences were
observed. It has been reported that the methylation sta-
tus of CpG sites in OBS may affect the binding of OCT4/
SOX2 [30]; however, OBS1 does not contain CpG sites.
Therefore, differences in the position of point mutations
within the POU-HD or POU-S binding sites in OBS1
may not affect the methylation pattern in the H19-DMR.
However, Pt. 7 and 8 in family B with a microdeletion
involving OBS showed different abnormal methylation
patterns characterized by consistently moderate hyper-
methylation in whole CpGs in the H19-DMR. The H19-
DMR has three OBS, including three octamer motifs
(Fig. 6). We hypothesized two pathogenic mechanisms
leading to this methylation pattern. First, in family B,
OBS1 was deleted, but OBSO was present in the near-
est position where OBS1 should be. OBSO may function
similarly to OBS1, although a point mutation in OBSO
has not been reported in patients with hypermethyl-
ated H19-DMR. Second, a previous study reported that
microdeletions that narrow the distance between CTSs
cause severe methylation defects, whereas the microdele-
tions involving CTSs cause mild methylation defects [31].
As shown in Fig. 6, the microdeletion in Family B deleted
three CTSs, and the methylation defect pattern was mild
compared with that in patients with point mutations. On
the other hand, the microdeletion in Pt. 4 affected only
one base of OBS and did not involve CTSs. Therefore, the

Page 10 of 14

OBS abnormality in Pt. 4 may have caused methylation
defects.

In both families A and B, methylation levels of CpGs
in the H19-DMR were higher in offspring than in moth-
ers. Recently, it has been reported that SOX2 binding
to OBS maintains unmethylation of CpGs by inhibiting
DNMT1-dependent methylation, and this effect is fur-
ther enhanced by co-binding with OCT4 [32]. After the
elimination of parental imprints, such as DNA meth-
ylation, in the embryo’s primordial germ cells (PGC),
the CpGs in the H19-DMR are methylated during sper-
matogenesis and remain unmethylated during oogenesis
[33]. The methylation pattern of the H19-DMR, which
is methylated CpGs on the paternal allele and unmeth-
ylated CpGs on the maternal allele, is maintained after
fertilization [33]. Although the pathogenic mechanism,
in which OBS abnormalities lead to hypermethylation
of the HI9-DMR, remains to be elucidated in detail, we
hypothesize that the elimination of abnormal methyla-
tion at the H19-DMR in PGCs in oocytes from mothers
with OBS abnormalities may be insufficient, resulting in
a more hypermethylated H19-DMR in the offspring. Fur-
ther studies in this field will clarify these matters.

Our study detected no significant differences in clini-
cal symptoms between patients with and without OBS
abnormalities. Furthermore, differences in MlIs of CpGs
in the HI9-DMR between mothers and their offspring
did not correlate with clinical symptoms. Although the
presence or absence of DNA methylation abnormalities
in the disease-responsible DMR appears to be important
for clinical manifestation, the aberrant methylation lev-
els in themselves may have a limited impact on symptom
development. Further accumulation of cases is necessary
to clarify the relationship between methylation abnor-
malities and clinical symptom:s.

As shown in Fig. 3, in the H19-DMR, many CpGs had
MIs around 0.5 (imprinted), but some CpGs showed MIs
over 0.8 (not imprinted), as previously reported [24].
Furthermore, according to previous reports, we set the
lower limit on the number of reads to 12, but the number
of reads affects methylation analysis using LRS. In future
clinical LRS-based genetic testing, selecting imprinted
CpGs, obtaining additional control samples, and obtain-
ing further reads would be needed to define the normal
range.

Conclusion

We identified OBS abnormalities in approximately 30%
of sporadic BWS patients with hypermethylation of the
HI19-DMR. Genetic examination for OBS should be con-
sidered in patients with BWS showing hypermethylated
HI19-DMR. T-LRS analysis for the H19-DMR revealed
differences in the methylation patterns with or without
OBS abnormalities and in the methylation levels of each
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CpG between mothers and their offspring with the same
OBS abnormalities.

Methods

This study was approved by the Institutional Review
Board Committee at the National Center for Child
Health and Development.

Identification of hypermethylation of the H19-DMR

We conducted methylation analysis using pyrosequenc-
ing as previously reported [16-18] and/or MS-MLPA
analysis according to the manufacturer’s protocol in 233
patients suspected of having BWS. Genetic testing for
BWS detected 18 patients with epimutation showing only
hypermethylated H19-DMR, 45 patients with epimuta-
tion showing only hypomethylated Kv-DMR, 40 patients
with UPD(11)pat, two patients with pathogenic variants
in CDKNIC, six patients with MLID, and 122 patients
with unknown etiologies or other diseases. Patients other
than those with epimutation showing only hypermethyl-
ated H19-DMR were excluded from this study.

Clinical characteristics of the patients

We obtained clinical features of patients with hyper-
methylated H19-DMR using a questionnaire from their
attending physicians.

Sample preparation

We obtained genomic DNA from leukocytes of patients
and controls with the Monarch HMW DNA Extraction
Kit for Cells & Blood (New England Biolabs) or the Gen-
tra Puregene Blood Kit (Qiagen) according to the manu-
facturer’s instructions.

Amplicon sequencing analysis for the H19-DMR

We conducted amplicon sequencing, as previously
reported [19]. In brief, we amplified a region of approxi-
mately 9 kb with the primer set shown in Table S4. For
library preparation, we used the NEBNext Ultra II FS
DNA Library Prep Kit for Illumina (Illumina) with the
PCR product targeted to the entire H19-DMR, following
the manufacturer’s protocol. The libraries were subjected
to MiSeq (Illumina) and sequenced to identify abnormal-
ities in OBS.

Sanger sequencing

To confirm OBS abnormalities detected by amplicon
sequencing, we conducted Sanger sequencing in patients
with OBS abnormalities and their family members. Fur-
thermore, to evaluate the parental origin of the alleles
with the mutations detected in mothers without BWS-
like phenotypes, we conducted Sanger sequencing with
genomic DNA treated with Accll, which is MSRE. The
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primer sets used in the Sanger sequencing are shown in
Table S4.

T-LRS analysis

For LRS analysis, we applied adaptive sampling to enrich
reads. We designed targeted regions for 24 DMRs related
to imprinting disorders and 48 DMRs with unknown
effects on imprinting disorders, based on previous stud-
ies [8, 23], and genes associated with imprinting disorders
in the BED file as targeted regions (Table S2), and the tar-
geted regions comprising 1.2% of the whole genome.

For library preparation, we conducted fragmentation
of DNA samples (2-4 pg) from patients and controls
using g-TUBE (Covaris) and removed small molecules
using Short Read Eliminator (PacBio) to obtain high-
quality data. Subsequently, we created libraries using the
Ligation Sequencing Kit V14 (ONT) and the NEB Next
Companion Module for Oxford Nanopore Technologies
Ligation Sequencing (ONT). The prepared libraries were
subjected to MinION or PromethION flow cells (R10.4.1)
and sequenced the libraries with the GridlON Mkl or
PromethION 2 solo (ONT) device under MinKNOW
v22.12.5 or v23.11.7 (ONT) control. We washed the flow
cell with the Flow Cell Wash Kit and reloaded the library
twice during sequencing (at 18 h and 42 h). The sequence
data was output in POD5 file format. We used Guppy
6.4.6 (dna_r10.4.1_e8.2_400bps_modbases_5mc_cg_hac.
cfg), which is the official ONT basecaller to create BAM
files containing mapping and methylation information,
and PEPPER-Margin Deep Variant (pepper_deepvariant_
r0.8-gpu.sif) for haplotyping and allele-specific analysis.
We visualized the BAM files on the IGV. We first could
not obtain the aligned reads for the H19-DMR due to
multiple hits. After excluding the chrll_KI270721v1_
random sequence from the reference FASTA file
(GRCh38 with decoy), we obtained the reads aligned to
the H19-DMR. We calculated MIs for all CpGs on each
haplotype and total using Modkit (https://github.com/na
noporetech/modkit). We uploaded the script for bioinfor
matic analysis to Dryad (https://doi.org/10.5281/zenodo.
17933283).

Definition of the normal range of methylation indexes for
CpGs in the H19-DMR by LRS analysis

We defined the region as the H19-DMR based on previ-
ous studies [8, 23], which included 247 CpGs. To define
the normal range for MIs of 247 CpGs within the H19-
DMR, we conducted LRS in seven healthy controls. We
calculated the MI (ranging from 0 to 1) of a CpG by add-
ing the MI of the neighboring sense and antisense strands
in normal controls with Modkit. Modkit produces the MI
by dividing the number of reads having methylated CpGs
by the total number of reads having unmethylated CpGs
and methylated CpGs for each haplotype. CpGs with 0.3
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or less probability of 5mC were classified as unmeth-
ylated CpGs, and CpGs with 0.7 or more probability of
5mC were classified as methylated CpGs. We defined the
normal range of MI for each CpG as |MI|<3 SD in seven
healthy controls.

Statistical analysis

The statistical significance of the median and frequency
of clinical data obtained from patients with OBS abnor-
malities and patients without OBS abnormalities were
examined using the Mann—Whitney U test and Fisher’s
exact probability test, respectively. P<0.05 was consid-
ered significant.

Abbreviations

BWS Beckwith-Wiedemann syndrome

BWSp BWS spectrum

DMR Differentially methylated region

H19 HI19/1GF21G

Kv KCNQ1OT1

OBS OCT4/50X2 binding site

CTS CTCF target site

LRS Long-read sequencing

TLRS Targeted LRS

ONT Oxford nanopore technologies

MS-MLPA  Methylation-specific multiple ligation-dependent probe
amplification

PGC Primordial germ cells

GV Integrative genomics viewer

Ml Methylation index
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