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Abstract
Beckwith-Wiedemann syndrome (BWS) is a representative imprinting disorder. Gain of methylation at imprinting control
region 1 (ICR1-GOM), leading to the biallelic expression of IGF2 and silencing of H19, is one of the causative alterations in
BWS. Twenty percent of BWS patients with ICR1-GOM have genetic defects in ICR1. Evidence of methylation anticipation
in familial BWS patients with ICR1 genetic defects has been reported. However, the precise methylation pattern and extent
of anticipation in these patients remain elusive. In addition, although age-related IGF2-DMR0 hypomethylation has been
reported in the normal population, the period of its occurrence is unknown. In this study, we analyzed 10 sites (IGF2-DMR0,
IGF2-DMR2, CTCF binding sites 1–7, and the H19 promoter) within the IGF2/H19 domain in familial BWS patients
harboring a pathogenic variant in ICR1. We found that sites near the variant had relatively higher methylation in the first
affected generation and observed methylation anticipation through maternal transmission in the next generation. The extent
of anticipation was greater at sites far from the variant than nearby sites. The extended and severe GOM might be due to the
insufficient erasure/demethylation of pre-acquired ICR1-GOM in primordial germ cells or during the preimplantation stage.
In the normal population, age-related IGF2-DMR0 hypomethylation occurred; it became established by young adulthood
and continued to old age. Further studies are needed to clarify (1) the precise mechanism of anticipation in patients with
familial BWS and (2) the mechanism and biological significance of constitutive hypomethylation of IGF2-DMR0 and/or
other imprinted differentially methylated regions.

Introduction

Beckwith-Wiedemann syndrome (BWS, OMIM #130650)
is a genomic imprinting disorder with various clinical fea-
tures, including overgrowth, macroglossia, abdominal wall
defects, and predisposition to embryonal tumors [1, 2]. The
estimated prevalence in the worldwide population ranges
from 1 in 13,700 to 1 in 10,340 [3, 4]. Its incidence may
increase due to increased use of assisted reproductive
technologies [5–7]. The disease locus chromosome 11p15.5
contains two imprinting domains, IGF2/H19 and CDKN1C/
KCNQ1OT1, which are regulated by imprinting control
region 1 (ICR1) and ICR2, respectively [1, 2]. ICR1 is
methylated on the paternal chromosome and regulates the
expression of two important imprinted genes: paternally
expressed IGF2 and maternally expressed non-coding H19.
ICR2 is methylated on the maternal chromosome and reg-
ulates two other important imprinted genes: paternally
expressed non-coding KCNQ1OT1 and maternally expres-
sed CDKN1C.
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There are several molecular causes of BWS [8]: 50–60%
of cases are caused by loss of methylation (LOM) at ICR2;
5–10% are caused by gain of methylation (GOM) at ICR1;
20–25% are caused by paternal uniparental disomy of
11p; 5% are caused by loss-of-function variants of
CDKN1C; and 1–2% are caused by paternal duplication
of 11p15. ICR1-GOM results in the biallelic expression of
IGF2, i.e., loss of imprinting (LOI) of IGF2 and silencing of
H19. Approximately 20% of ICR1-GOM patients carry
genetic defects in ICR1: 12% are pathogenic variants or
small deletions in the OCT4/SOX2 binding sites; and 8%
are microdeletions in ICR1 [9–15].

IGF2 expression is regulated by the binding of CTCF, an
insulator protein, to the CTCF binding sites (CTSs) in
ICR1. The binding of CTCF to its seven target sites
(CTS1–7) on the unmethylated maternal allele promotes
H19 expression from the maternal allele (Fig. 1a). On the
other hand, the germline-derived DNA methylation on the
paternal allele of ICR1 prevents CTCF binding, which leads
to an interaction between the IGF2 promoter and enhancers,

resulting in the expression of paternal IGF2 [1]. Further,
CTCF function is modulated by neighboring binding fac-
tors, such as cohesin, OCT4, and SOX2 [16]. Also, three
binding sites (OCT0, OCT1, and OCT2) for OCT4/SOX2
were identified in and around ICR1 (Fig. 1a) [12]. Several
pathogenic variants and small deletions of OCT1 on the
maternal allele lead to ICR1-GOM [12–15]. The methyla-
tion pattern and methylation anticipation of ICR1-GOM in
individuals with genetic defects in ICR1 have been reported
[15, 17]. However, these studies have not analyzed all
differentially methylated sites (DMSs) within the IGF2/H19
domain as shown in Fig. 1a, namely IGF2-DMR0, IGF2-
DMR2, CTS1–7, and the H19 promoter. Also, no patients
with familial BWS showing methylation anticipation have
been reported since these studies were conducted. There-
fore, the precise methylation pattern and the extent of
methylation anticipation remain elusive.

Among the DMSs within the IGF2/H19 domain, IGF2-
DMR0 is a relatively well-analyzed DMS, but its biological
function remains unknown. IGF2-DMR0 is methylated on
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Fig. 1 A map of the IGF2/H19 imprinting domain and methylation
data of BWS family members. a Schematic representation of the 10
analyzed DMSs within the IGF2/H19 imprinting domain (not to scale).
The pathogenic variant of OCT1 was found in ICR1. The transcrip-
tional directions of both IGF2 and H19 are from centromere to telo-
mere. cen centromere, tel telomere, M maternal allele, P paternal allele,
open lollipop: unmethylated DMS, and black lollipop: methylated
DMS. b Methylation analysis of 10 DMSs in the BWS family.
CTS1–5 were highly methylated in affected members. Methylation of
CTS1–5 was slightly higher in the third generation than in the second
generation, and that of other DMSs (IGF2-DMR0, IGF2-DMR2,
CTS6–7, and H19 promoter) was apparently higher in the third gen-
eration than in the second generation. The methylation indexes

represent the mean methylation of all CpG sites analyzed in each DMS
(see Supplementary Table S3). The number of analyzed CpG sites
within each DMS is shown in Supplementary Table S1. c Methylation
of 10 DMSs in isolated ICR1-GOM patients and control children.
There was no significant difference in Δme values between the isolated
ICR1–GOM patients and normal children (p= 0.2864,
Mann–Whitney U test), indicating that GOM occurred evenly at all
DMSs within the IGF2/H19 domain in the isolated ICR1-GOM
patients (Supplementary Tables S2 and S4). The vertical bar at each
DMS of normal children indicates the standard deviation. Patient IDs
beginning with B- and b21- indicate the patients obtained before and
after 2009, respectively
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the paternal allele, and its methylation takes place after
implantation under the regulation of ICR1 in cis [18]. IGF2-
DMR0 is hypermethylated and hypomethylated in BWS
and Silver-Russell syndrome, respectively, and these
methylation patterns are similar to the ICR1 methylation
statuses in the two disorders [18]. Hypomethylation of
IGF2-DMR0 has been observed in tumors from cancers
such as Wilms tumor and colorectal cancer [18–21]. It has
also been reported that IGF2-DMR0 hypomethylation is
associated with age, suggesting that this epigenetic mod-
ification is acquired [22]. However, the period during which
it is acquired remains unknown.

Here, we describe DNA methylation anticipation in a
family with BWS in which the affected members had a
previously reported single nucleotide variant (GRCh37:11:
g.2023019A>G) in OCT1 in ICR1 [12, 17]. In addition, we
demonstrate that IGF2-DMR0 hypomethylation that is
acquired during young adulthood continues into old age in
the normal population.

Materials and methods

Patients and controls

A Japanese family comprising three members affected with
BWS and three unaffected members (BWS family) was
examined in this study. The clinical features of the affected
individuals fulfilled three diagnostic criteria for BWS pre-
viously described by Elliott et al., DeBaun et al., and
Weksberg et al. [23–25]. Their Beckwith-Wiedemann
spectrum (BWSp) scores exceeded 4, which is a score
diagnosed as classical BWS [2] (Fig. 2). In addition, 11
patients with BWS caused by ICR1-GOM without any
genetic defects (isolated ICR1-GOM), who fulfilled at least
one of the three BWS criteria, were analyzed. The following
groups were included as controls: normal children (n= 24,
12 girls and 12 boys, median age= 4.0 [1.8, 6.0] years),
adults in their twenties (n= 24, 12 women and 12 men,
median age= 24.0 [23.0, 25.0] years), and adults in their
forties (n= 24, 12 women and 12 men, median age= 43.0
[41.0, 45.0] years). Genomic DNA was extracted from the
peripheral blood lymphocytes of all subjects using a Flex-
iGene DNA Kit (QIAGEN, Hilden, Germany).

This study was approved by the Ethics Committee for
Human Genome and Gene Analyses of the Faculty of
Medicine, Saga University. Written informed consent was
obtained from all subjects.

Screening of the ICR1 variant

We screened genetic defects of ICR1 in the BWS family as
previously described [26]. In brief, long-range PCR

encompassing the entire ICR1 region, which included the
seven CTSs and two OCT4/SOX2 binding sites (OCT1 and
OCT2), was performed to examine nucleotide insertions
and deletions. The PCR products, amplified by several
primer sets, were subjected to Sanger sequencing to identify
genetic variants. All of the primers used in this study are
specified in Supplementary Table S1.

DNA methylation analysis

Genomic DNA (500 ng) was bisulfite-converted using an
EZ DNA Methylation Kit (Zymo Research, Irvine, CA,
USA) following the manufacturer’s protocol. We investi-
gated the methylation status of 10 DMSs which were
located inside (CTS1–6) and outside (IGF2-DMR0, IGF2-
DMR2, CTS7, and H19 promoter) ICR1 (Fig. 1a). The
number of CpG sites included in each DMS is presented in
Supplementary Table S1. After bisulfite conversion, the
relevant sites were amplified by PCR. The PCR products
were subjected to pyrosequencing using the Pyromark Q24
instrument (QIAGEN) to quantitatively analyze DNA
methylation. All primer sets were examined using varying
mixtures of the unmethylated control and the fully methy-
lated control DNA: 0, 25, 50, 75, and 100% methylated
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Fig. 2 The pedigree of the BWS family. The pathogenic variant was
transmitted from the grandmother, who was a carrier of the variant
(indicated by a black dot), to her two daughters and to the proband.
The clinical features of the aunt and mother were those recorded
during their childhood. BWSp scores are also shown. The sequence
information of the pathogenic variant is shown in Supplementary
Fig. S2. Diagonal: deceased individual, diamond shape: gender
not specified, SB stillborn, P proband, y years, m months, Rt right,
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DNA, as previously described [21]. Furthermore, we con-
firmed that the standard deviation (SD) for each CpG site
within each DMS in the control children (n= 24) was less
than 5% (Supplementary Tables S2 and S5. Only median
values are shown in the tables.). These stringent conditions
guaranteed the quantitative capability of the methylation
analysis.

Statistical analysis

Differences in methylation were analyzed using the non-
parametric Mann–Whitney U test or Steel-Dwass test.
P values less than 0.05 were considered statistically
significant.

Results

Molecular diagnosis of the BWS family

First, we analyzed the microsatellite markers at 11p15.5-
p15.4, and the methylation status of ICR1 (only at CTS3
and CTS6) and ICR2, of a proband (III-2) and her parents
(II-3, II-4) in the BWS family. We could not find any
abnormalities in the microsatellite markers and ICR2
methylation status, but we did find GOM at both CTS3 and
CTS6 in the proband and her mother (II-4) (Supplementary
Fig. S1, Fig. 1b, Supplementary Table S3). An aunt (II-2) of
the proband also showed GOM at CTS3 and CTS6 (Fig. 1b,
Supplementary Table S3). The proband (III-2), mother (II-
4), and aunt (II-2) exhibited BWS features that fulfilled the
clinical criteria, and their BWSp scores were high enough to
diagnose these cases as classical BWS (Fig. 2). Therefore, a
pathogenic variant of ICR1 was suspected to be the cause of
the GOM. Sequence analysis of ICR1 revealed that a
pathogenic variant of OCT1 (GRCh37:11:g.2023019A>G),
which was the same variant previously reported [12, 17],
was found in all affected members, but not in unaffected
members, with the exception of the maternal grandmother
(I-2) (Fig. 2, Supplementary Fig. S2). We concluded that
the pathogenic variant of ICR1 was the cause of the GOM
in the BWS family in this study.

Anticipated and extended methylation of ICR1

To clarify whether the methylation anticipation occurred
through maternal transmission of the pathogenic variant of
OCT1, we analyzed all 10 DMSs in the IGF2/H19 domain
within the family and compared the methylation statuses
between the affected members of the second (mother and
aunt) and third (proband) generations (Fig. 1b, Supple-
mentary Table S3). CTS1–5 were highly methylated in the
affected members (mother, aunt, and proband). The average

methylation of CTS1–5 in the third generation (proband)
was slightly higher, by approximately 2%, than that in the
second generation (mother and aunt; Fig. 1b, Supplemen-
tary Table S3). In addition, the methylation levels of other
DMSs, i.e., IGF2-DMR0, IGF2-DMR2, CTS6–7, and H19
promoter, were also apparently higher in the third genera-
tion than in the second generation. Furthermore, the average
methylation of all DMSs was also higher in the third gen-
eration than in the second generation (Supplementary
Table S3). These results clearly indicate that methylation
anticipation occurred through maternal transmission and
suggest that the extent of anticipation was larger at DMSs
further from the pathogenic variant of OCT1 than CTS1–5,
which were close to the variant. These results also suggest
that CTSs close to the pathogenic variant were more prone
to GOM.

We analyzed the methylation statuses of all DMSs in
isolated ICR1-GOM patients, whose ICR1 sequences did
not harbor any genetic defects, to clarify whether the
methylation pattern was different between these patients
and those with ICR1-GOM due to the pathogenic variant of
OCT1. To do this, we calculated the values of Δ methyla-
tion (Δme), which is the difference between the maximum
and minimum methylation values among all DMSs. To
exclude the effect of anticipation, we used the Δme values
of the mother and aunt, who were the first affected gen-
eration carrying the variant. The average Δme value of the
mother and aunt was higher than that of the isolated ICR1-
GOM patients and normal children (the mother and aunt vs.
the isolated ICR1-GOM patients: p= 0.0379; the mother
and aunt vs. normal children: p= 0.0386; Mann–Whitney
U test) (Supplementary Tables S2, S3, and S4). Howe-
ver, there was no significant difference in the Δme values
between the isolated ICR1-GOM patients and
normal children (p= 0.2864, Mann–Whitney U test). The
curves representing the methylation patterns of the mother
and aunt were convex shaped (Fig. 1b), whereas those of
the isolated ICR1-GOM patients and normal children
were not (Fig. 1c). These results confirmed that the patho-
genic variant of OCT1 affected the methylation of nearby
CTSs, i.e., CTS1–5, and that the anticipation occurred
mainly at DMSs far from the variant. In addition, the fact
that there was no significant difference in Δme values
between the isolated ICR1-GOM patients and normal chil-
dren indicates that GOM occurred evenly at all DMSs
within the IGF2/H19 domain in the isolated ICR1-GOM
patients.

All affected members fulfilled the three diagnostic cri-
teria for BWS [23–25]. The BWSp scores were: 5 for the
aunt; 6 for the mother; and 6 for the proband (Fig. 2). Since
the BWSp scores of all affected members did not differ
significantly, we surmised that there was no anticipation of
clinical features.

940 F. Sun et al.



Age-related decline of methylation at IGF2-DMR0 in
the normal population

Among the unaffected family members, the methylation
levels of IGF2-DMR0 of the grandmother and father (I-2
and II-3, respectively) were lower than that of the proband’s
sister (III-1; Fig. 1b, Supplementary Table S3). Since
hypomethylation of IGF2-DMR0 in the peripheral blood of
elderly people (in their sixties) has been previously reported
[22], we hypothesized that an age-related decline of IGF2-
DMR0 methylation occurs in the normal population. To
examine this, we analyzed the IGF2-DMR0 methylation
level in normal children and adults in their twenties and
forties (Supplementary Table S5). All analyzed CpG sites
showed significantly lower methylation levels in the adults
in their twenties and forties than in the children (Fig. 3,
Supplementary Table S6), and no difference was observed
between the adults in their twenties and forties. Similar
results were found when the methylation levels were ana-
lyzed by sex, although the difference in methylation at
specific CpGs varied between females and males (Supple-
mentary Fig. S3). Also, in each cohort, there was no sig-
nificant difference in methylation levels between females
and males (Supplementary Fig. S4). These results indicate
that an age-related decline of IGF2-DMR0 methylation
does occur, becomes established by young adulthood, and
persists until old age.

Discussion

In this study, we analyzed the methylation levels of 10
DMSs within the IGF2/H19 domain in isolated ICR1-GOM
BWS patients, normal controls, and members of a BWS

family, in which affected members harbored a pathogenic
variant of OCT1. Our first major finding is that the extent of
methylation anticipation through maternal transmission was
greater at DMSs far from the pathogenic variant than at
those close to the variant. This is the second report of
methylation anticipation in familial BWS patients with a
pathogenic variant of OCT1, the first one being by Berland
et al. [17] in which the same pathogenic variant was
observed. Our second major finding is that, in the normal
population, an age-related decline of methylation occurred
at IGF2-DMR0 which became established by young
adulthood and continued to old age.

Evidence of DNA methylation anticipation through
maternal transmission of the pathogenic variant of OCT1,
has also been reported by Berland et al. [17], and methy-
lation patterns of ICR1-GOM due to pathogenic variants
have been reported by Abi Habib et al. [15]. However,
Berland et al. analyzed only three DMSs (CTS1, CTS6, and
H19 promoter), and Abi Habib et al. did not analyze CTS5
or IGF2-DMR2 and did not describe methylation anticipa-
tion. We, on the other hand, analyzed all 10 DMSs within
the IGF2/H19 domain, in detail, with highly stringent
conditioned bisulfite pyrosequencing to clarify the precise
methylation pattern. The curves representing the methyla-
tion patterns of the affected members were convex-shaped
at CTS1–5. This methylation pattern was similar to the
“moustache” pattern reported by Abi Habib et al. [15]. Our
results indicate methylation anticipation of the entire IGF2/
H19 domain and its greater effect on DMSs situated far
from the pathogenic variant. In addition, our results suggest
a predominant GOM susceptibility of DMSs close to the
pathogenic variant and the occurrence of uniform GOM at
all DMSs in the isolated ICR1-GOM patients.

In mouse P19 cells, Sox-Oct motifs were reported to
maintain the unmethylated state of ICR1, and base sub-
stitution mutations of the motifs induced ICR1-GOM
[27, 28]. Bisulfite sequencing revealed that mutations in
Oct motifs affected the methylation status of the nearest site,
CTS2, leading to partial GOM [27]. In mouse knock-in
mutations of Oct motifs, mature oocytes showed partial
aberrant methylation of the mutant ICR1, but the aberrant
methylation disappeared in blastocysts, probably due to
global demethylation during the pre-implantation stage
[29]. After implantation, somatic tissues, such as liver and
muscle, again showed GOM on the maternal mutant ICR1.
Bisulfite sequencing revealed that partial GOM occurred at
CTS2 (the closest DMS to the mutations) in the liver,
similar to the P19 cell experiments. However, ICR1
methylation was sufficiently erased in primordial germ cells
(PGCs) irrespective of the mutations [29]. These results
suggest that ICR1-GOM due to the OCT1 variant in
humans occurs mainly after the implantation stage due to
insufficient protection from de novo methylation. With
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respect to the mechanism of anticipation, the ICR1-GOM
acquired in the previous generation might be erased insuf-
ficiently in PGCs or during the preimplantation stage. The
remaining aberrant methylation might then function as
“seeds of aberrant methylation”, triggering an extended and
severe GOM in the entire IGF2/H19 domain, especially on
DMSs other than CTS1–5. These mechanisms likely occur,
although the ICR1 genomic structure and the number of
CTSs are different between mouse and human.

With respect to clinical features, we could not identify
any anticipation between the two generations. A previous
report has suggested clinical anticipation; however, the
clinical information of the previous generation was insuf-
ficient [17]. In our study, we obtained detailed clinical
features of the mother and aunt and found they were con-
sistent with the diagnostic criteria for BWS. The BWSp
scores of all affected members did not differ substantially.
Therefore, there was no clinical anticipation in this BWS
family. However, it should be noted that both the mother
and aunt developed unilateral Wilms tumor, but the proband
did not. There is a possibility that the proband will develop
Wilms tumor in the future because ICR1-GOM is associated
with a high risk of developing Wilms tumor [30, 31]. If the
proband develops Wilms tumor, her BWSp score will
increase. In such a case, clinical anticipation may be
suggested.

The second finding of this study is the age-related
decline of methylation at IGF2-DMR0. Ito et al. also
reported IGF2-DMR0 hypomethylation in the peripheral
blood of controls whose ages ranged from 60 to 80 years
[22]. We found that IGF2-DMR0 hypomethylation was
established by age 20–30, indicating the occurrence of
constitutive IGF2-DMR0 hypomethylation at a relatively
young age. Further studies are required to investigate
whether other differentially methylated regions (DMRs)
show constitutive hypomethylation and to determine the
biological significance of constitutive hypomethylation.

In conclusion, we reported the extent of DNA methyla-
tion anticipation due to the ICR1 pathogenic variant in
familial BWS patients and the establishment of age-related
IGF2-DMR0 hypomethylation by young adulthood in
the normal population. Further studies are needed to clarify
the precise mechanism of methylation anticipation, the
existence of clinical anticipation in familial BWS patients,
and the mechanism and biological significance of con-
stitutive hypomethylation of IGF2-DMR0 and/or other
imprinted DMRs.
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