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Short report

Hypomethylation of a centromeric block of ICR1 is
sufficient to cause Silver-Russell syndrome

Ken Higashimoto,' Hijiri Watanabe, Yuka Tanoue," Hidefumi Tonoki®

Tomoharu Tokutomi,* Satoshi Hara," Hitomi Yatsuki,' Hidenobu Soejima

ABSTRACT

Silver-Russell syndrome (SRS) is a representative
imprinting disorder. A major cause is the loss of
methylation (LOM) of imprinting control region 1

(ICR1) within the /IGF2/H19 domain. ICR1 is a gametic
differentially methylated region (DMR) consisting of
two repeat blocks, with each block including three
CTCF target sites (CTSs). ICR1-LOM on the paternal
allele allows CTCF to bind to CTSs, resulting in /GF2
repression on the paternal allele and biallelic expression
of H19. We analysed 10 differentially methylated sites
(DMSs) (ie, seven CTSs and three somatic DMRs within
the IGF2/H19 domain, including two /GF2-DMRs and
the H79-promoter) in five SRS patients with ICR1-LOM.
Four patients showed consistent hypomethylation at all
DMSs; however, one exhibited a peculiar LOM pattern,
showing LOM at the centromeric region of the /GF2/H19
domain but normal methylation at the telomeric region.
This raised important points: there may be a separate
regulation of DNA methylation for the two repeat
blocks within ICR1; there is independent control of
somatic DMRs under each repeat block; sufficient /GF2
repression to cause SRS phenotypes occurs by LOM only
in the centromeric block; and the need for simultaneous
methylation analysis of several DMSs in both blocks for a
correct molecular diagnosis.

INTRODUCTION

Silver-Russell syndrome (SRS; OMIM 180860) is
an imprinting disorder characterised by prenatal
and postnatal growth restriction, relative macro-
cephaly, a protruding forehead, asymmetry, and
feeding difficulties.! Loss of methylation (LOM)
of imprinting control region 1 (ICR1) within the
IGF2/H19 domain at 11p15.5 is a major cause of
SRS and is found in 30%-60% of patients. Other
causative alterations are maternal UPD of chromo-
somes 7, 14, 16 and 20; maternal 11p15 duplica-
tion; aberrant methylation of 14q32.2; paternal
IGF2 loss-of-function mutations; and maternal
CDKNIC gain-of-function mutations." ICR1 is
a differentially methylated region (DMR) with
methylation of the paternal allele and an unmeth-
ylated maternal allele. Differential methylation of
ICR1 is established during gametogenesis (ie, it is
a gametic DMR), and is continuously maintained
in somatic cells.” 3 ICR1 is located 2 kb upstream of
the H19 gene and controls paternal expression of
IGF2 (a growth factor) and maternal expression of
H19 (a growth inhibitor). On the maternal allele,
unmethylated ICR1 bound by CTCF functions as a

chromatin insulator that prevents the interaction of
the IGF2 promoter and the enhancer downstream
of H19, resulting in the silencing of IGF2 and the
activation of H19. On the paternal allele, preven-
tion of CTCF binding to methylated ICR1 allows
the interaction between the IGF2 promoter and the
enhancer downstream of H19, resulting in the acti-
vation of IGF2 and the silencing of H19.%® There-
fore, ICR1-LOM on the paternal allele induces
repression of IGF2 expression and biallelic expres-
sion of H19 (causing an overexpression of H19),
leading to the SRS phenotype.'

Human ICR1 is arranged in two repeat blocks,
namely a centromeric block and a telomeric block
(figure 1A). Each block contains one repetitive
sequence A and three or four repetitive sequences
B. There are seven CTCF target sites (CTSs).
Among them, six CTSs are present in each repet-
itive sequence B (except B4) and CTS7, which is
located outside of the repeat blocks." In addition to
ICR1, the IGF2/H19 domain contains three somatic
DMRs: IGF2-DMRO, IGF2-DMR2 and the H19-
promoter (figure 1A). These are methylated on the
paternal allele and are established after fertilisation
under the control of ICR1.* The proper allele-
specific methylation at ICR1 appears to be medi-
ated by several DNA binding trans-factors, such as
CTCF, OCT4, SOX2, ZFP57, ZBTB33 (KAISO)
and YY1.>” CTCF, OCT4 and SOX2 are required
to maintain the unmethylated status of maternal
ICR1.* Microdeletions (1.4-2.2kb) abolishing one
to three CTSs, single-nucleotide variants, or a small
deletion of the OCT4/SOX2 target site can result in
ICR1 hypermethylation. Hypermethylation causes
Beckwith-Wiedemann syndrome, an overgrowth
syndrome molecularly and clinically opposite to
SRS.”?'' In contrast, ZFPS7 is required to maintain
the methylated status of many ICRs in mice, though
the methylation status of ICR1 was normal in Zfp57
homozygous mutant embryos.'* ' However, dele-
tions including ZFP57 binding sites in SRS patients
with ICR1-LOM suggest that ZFP57 is required to
maintain the methylated status of paternal ICR1.%”
ZBTB33 is also important for the maintenance of
the methylated status of paternal ICR1.” However,
it has not been clearly shown whether ZFP57 and
ZBTB33 are involved in the aetiology of SRS.

In total, there are 10 differentially methyl-
ated sites (DMSs) within the IGF2/H19 domain,
including two IGF2-DMRs, seven CTSs and the
H19-promoter (figure 1A). To date, the DNA
methylation status of the DMSs, excluding CTSS
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Figure 1  Structure of the /GF2/H19 domain and methylation status of patients with SRS. (A) Schematic representation of the 10 DMSs within the IGF2/
H19 domain (not to scale). The lower panel shows an enlarged view of ICR1. ICR1 is arranged in two repeat blocks, one centromeric and one telomeric.
Each block contains one repetitive sequence A and three or four repetitive sequences B. The seven CTSs, three 0CT4/SOX2 motifs and one putative SOX2
consensus motif are shown by arrowheads. The transcription directions of the genes are indicated by arrows. (B) Methylation status of 10 DMSs in patients
with SRS and control subjects. Left: average Mis with SD of two independent bisulfite-pyrosequencing data at each DMS from four patients with SRS.
Average Mis with SD of controls. Right: average Mis with SD of SRS-s09 and control subjects. SRS-s09 showed a peculiar pattern of LOM, exhibiting LOM
at DMSs within the centromeric region of the /GF2/H19 domain and normal methylation at DMSs within the telomeric region. The bisulfite-pyrosequencing
assessment of patients was performed in duplicate. The Mis of all patients and control subjects are shown in online supplementary tables S1 and S3,
respectively. cen, centromere; CTSs, CTCF target sites; DMR, differentially methylated region; DMSs, differentially methylated sites; ICR1, imprinting control
region 1; LOM, loss of methylation; MI, methylation index; M, maternal allele; P, paternal allele; SRS, Silver-Russell syndrome; tel, telomere; open lollipop,
unmethylated DMS; black lollipop, methylated DMS.
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and IGF2-DMR2, has been investigated in SRS patients with peculiar LOM raised important points in terms of imprinting
ICR1-LOM. Uneven methylation profiles among the DMSs and mechanisms and molecular diagnoses.

normal methylation at CTS1 and CTS7 have been reported.™* In

this study, we examined all 10 DMSs in five SRS patients with

ICR1-LOM. We found even levels of hypomethylation in four MATERIALS AND METHODS

patients. However, one patient exhibited an unusual pattern of ~ Patients with SRS and healthy controls

LOM, showing LOM at the centromeric region of the IGF2/H19 Five patients with SRS were analysed in this study. The Netchine-
domain and normal methylation at the telomeric region. This Harbison clinical scoring system was used as the clinical

Table 1 The Netchine-Harbison clinical scores of patients with SRS in this study
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Clinical criteria SRS-s01 SRS-s03 SRS-s04 SRS-s09 SRS-s11
SGA (birth weight and/or birth length) v 4 v 4 v
Postnatal growth failure v v 4 v
Relative macrocephaly at birth 4 v 4 v
Protruding forehead v v/ v v
Body asymmetry 4 v v
Feeding difficulties and/or low BMI v 4 v
Age 2 years 3 years 10 years 2 years 1year

6 months
Sex Female Male Male Male Female

A clinical diagnosis is considered if a patient has at least four of the six criteria.
BMI, body mass index; SGA, small for gestational age; SRS, Silver-Russell syndrome.
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diagnostic criterion for SRS. All patients scored positive for at
least four of the six components of the criteria and were diag-
nosed with clinical SRS (table 1).' LOM at CTS3 within ICR1
was confirmed in all patients (online supplementary figure S1A).
Normal methylation (approximately 50% of methylation index
(MI)) of ICR2 due to maternal methylation and paternal unmet-
hylation was also confirmed in all patients (online supplemen-
tary figure S1B). Maternal duplication of 11p15 and maternal
UPD of chromosome 7 were excluded (online supplementary
figure S2 for SRS-09; data not shown for other patients). These
indicated that isolated ICR1-LOM was a causative alteration in
these patients. In addition, healthy children (n=24; 12 girls and
12 boys; mean age: 3.8 +2.4 years), were used as control subjects
(online supplementary table S1). Genomic DNA was extracted
from peripheral blood leucocytes of all subjects using the Flexi-
Gene DNA Kit (Qiagen, Hilden, Germany).

Written informed consent was provided by all parents/
guardians.

DNA methylation analysis

We investigated the methylation status of 10 DMSs within the
IGF2/H19 domain (ie, CTS1-7, IGF2-DMRO0, IGF2-DMR2 and
the H19-promoter) using bisulfite-pyrosequencing, as previously
described (figure 1A)."" The methylation status of MEG3-DMR
was also investigated through bisulfite-pyrosequencing."
MIs were calculated as the average methylation of CpG sites
within each DMS. The bisulfite-pyrosequencing assessment was
performed in duplicate. Bisulfite sequencing of CTSS was also
performed as follows: the bisulfite PCR products were cloned
into a pT7Blue T-Vector (Merck KGaA, Darmstadt, Germany)
and individual clones were sequenced. Primers for CTS5 bisul-
fite sequencing are shown in online supplementary table S2.

Sequencing analysis

Microdeletions/insertions in ICR1 were screened for using long-
range PCR encompassing the entire ICR1 region (GRCh37/
hg19, chr11: 2 017 992-2 025 550), including seven CTSs, two
OCT4/SOX2 sites and 12 ZFPS57 sites. Sanger sequencing was
performed to investigate the variants in the entire ICR1 region,
as previously described.'” '"The coding regions of CDKN1C
were also sequenced, as previously described.'® Furthermore,
the coding regions of IGF2 and ZFP57 were sequenced. Primers
for sequencing analyses of IGF2 and ZFP57 are shown in online
supplementary table S2.

Analyses of short tandem repeats

Short tandem repeat markers (STR) on chromosomes 7, 11, 14,
16 and 20 were analysed to investigate maternal UPD. Primers
for STR analyses are shown in online supplementary table S2.

Copy number analysis of the /IGF2/H19 domain

Copy number analysis of the IGF2/H19 domain was performed
by multiplex ligation-dependent probe amplification (MLPA)
with a ME030-C3 BWS/RSS kit according to the protocol
provided by the manufacturer (MRC-Holland, Amsterdam, The
Netherlands).

RESULTS

We analysed the methylation status of all 10 DMSs within the
IGF2/H19 domain using bisulfite-pyrosequencing to determine
whether uneven methylation profiles of DMSs were present in
our patients. The Mls of all DMSs in four patients (ie, SRS-s01,
SRS-s03, SRS-s04, SRS-s11) were lower than those observed in

the healthy controls (figure 1B left, online supplementary table
S3). A Methylation (Ame) of the patients, which was the differ-
ence between the maximum and minimum MIs among all DMSs,
were similar to that of average of healthy controls (online supple-
mentary table S3). In addition, the SD of the MI difference at
each DMS between the patients and healthy controls were small
(online supplementary table S3). These data indicated that LOM
occurred evenly at all DMSs within the IGF2/H19 domain in
these four patients.

On the other hand, SRS-s09 showed an uneven methylation
profile. CTS1-3 within the centromeric block of ICR1 were
hypomethylated; however, CTS4-6 within the telomeric block
showed normal methylation (figure 1B right, online supplemen-
tary table S3). Bisulfite sequencing revealed normal differential
methylation of CTSS, where the two parental alleles could be
distinguished using the single-nucleotide variant rs2735972
(online supplementary figure S3). Furthermore, IGF2-DMRO
and IGF2-DMR2 (located far upstream of ICR1) also showed
LOM, whereas CTS7 and the H19-promoter (located down-
stream of ICR1) showed normal methylation (figure 1B right,
online supplementary table S3). Long-range PCR encompassing
the entire ICR1 did not show any deletions or insertions (online
supplementary figure S4B). Sequencing analysis, including seven
CTSs; three OCT4/SOX2 sites; and 12 ZFP57 sites, detected
known SNVs, but not a pathogenic variant (online supplemen-
tary table S4). MLPA showed two parental copies of 11p15
(online supplementary figure S4A). Moreover, all minor caus-
ative alterations for SRS, including pathogenic variants of the
IGF2 and CDKN1C genes (data not shown), aberrant methyla-
tion of MEG3 at 14q32.2 and maternal UPDs of chromosomes
14, 16 and 20, were not found (online supplementary figure S4C
and S5). Sequencing analysis of ZFP57 also did not detect any
variation (data not shown). Furthermore, the karyotype of this
patient was also normal (data not shown). Taken together, the
LOM of the ICR1 centromeric block was strongly suggested as a
causative alteration in this patient.

DISCUSSION

In this study, we analysed 10 DMSs within the IGF2/H19
domain in five SRS patients with isolated ICR1-LOM. We found
that four patients showed an evenly reduced DNA methylation
at all DMSs. However, one patient (SRS-s09) showed a peculiar
pattern of LOM, which was LOM at DMSs within the centro-
meric region of the IGF2/H19 domain and maintained methyl-
ation at DMSs within the telomeric region. This peculiar LOM
suggested several important points in terms of an imprinting
mechanism and molecular diagnosis. First, DNA methylation of
the two repeat blocks within ICR1 may be independently regu-
lated. CTCF, OCT4 and SOX2, which bind to their own motifs
in ICR1, are important trans-factors for unmethylated maternal
ICR1.® ZFPS57 and ZBTB33 are also important for the main-
tenance of the methylated paternal ICR1.’ ¢ Binding of these
factors is thought to regulate the methylation of the entire ICR1
region. We did not find any pathogenic variants in these binding
motifs or any putative variants associated with LOM of paternal
ICR1. We also did not find any variation of ZFP57. This suggests
the possible existence of other regulatory element(s) outside of
ICR1, probably bound by a known or unknown trans-factor,
which independently regulate the methylation of the centro-
meric and telomeric ICR1 blocks. In addition, the difference
in methylation status between the two blocks within ICR1 also
suggests that the centromeric block may be more susceptible to
LOM than the telomeric block.

424

Higashimoto K, et al. J Med Genet 2021;58:422-425. doi: 10.1136/jmedgenet-2020-106907

'salfojouyoal Jejiwis pue ‘Buiurel) |y ‘Buluiw elep pue 1xa1 01 palelal sasn Joj Buipnjoul ‘1ybluAdoos Aq paloslold

" Jooyosaboysnwselq
V171-Z39 swiredaq 1e GZoz ‘0T Aey uo jwod [wa Bwly/:dny woly papeojumod ‘0202 Ae £Z U0 L0690T-0202-18uabpawl/oeTT 0T st paysijgnd 1si1) :19us9 psiN


https://dx.doi.org/10.1136/jmedgenet-2020-106907
https://dx.doi.org/10.1136/jmedgenet-2020-106907
https://dx.doi.org/10.1136/jmedgenet-2020-106907
https://dx.doi.org/10.1136/jmedgenet-2020-106907
https://dx.doi.org/10.1136/jmedgenet-2020-106907
https://dx.doi.org/10.1136/jmedgenet-2020-106907
https://dx.doi.org/10.1136/jmedgenet-2020-106907
https://dx.doi.org/10.1136/jmedgenet-2020-106907
https://dx.doi.org/10.1136/jmedgenet-2020-106907
https://dx.doi.org/10.1136/jmedgenet-2020-106907
https://dx.doi.org/10.1136/jmedgenet-2020-106907
https://dx.doi.org/10.1136/jmedgenet-2020-106907
https://dx.doi.org/10.1136/jmedgenet-2020-106907
https://dx.doi.org/10.1136/jmedgenet-2020-106907
https://dx.doi.org/10.1136/jmedgenet-2020-106907
https://dx.doi.org/10.1136/jmedgenet-2020-106907
https://dx.doi.org/10.1136/jmedgenet-2020-106907
https://dx.doi.org/10.1136/jmedgenet-2020-106907
https://dx.doi.org/10.1136/jmedgenet-2020-106907
https://dx.doi.org/10.1136/jmedgenet-2020-106907
https://dx.doi.org/10.1136/jmedgenet-2020-106907
https://dx.doi.org/10.1136/jmedgenet-2020-106907
https://dx.doi.org/10.1136/jmedgenet-2020-106907
https://dx.doi.org/10.1136/jmedgenet-2020-106907
https://dx.doi.org/10.1136/jmedgenet-2020-106907
https://dx.doi.org/10.1136/jmedgenet-2020-106907
http://jmg.bmj.com/

Epigenetics

Secondly, DNA methylation of IGF2-DMRO and IGF2-DMR2
may be under the control of the centromeric block of ICR1, but
not the telomeric block. Additionally, DNA methylation of the
H19-promoter may be under the control of the telomeric block,
but not the centromeric block. In general, somatic DMRs (eg,
IGF2-DMRs) are established after fertilisation in response to
nearby gametic DMRs (eg, ICR1).> " In mice, ICR1 is needed
on the maternal allele to protect the Igf2-DMRs from methyl-
ation after fertilisation through long-range chromatin interac-
tions, although it is unknown whether each half of the mouse
ICR1 has different functions.'® The results observed for SRS-
s09 suggest that half of the ICR is sufficient to affect the estab-
lishment of somatic DMRs, including the IGF2-DMRs and the
H19-promoter.

Thirdly, IGF2 expression may be repressed by LOM of the
centromeric block, and this reduction may be sufficient for the
clinical features of SRS to develop. Of note, we were unable to
examine IGF2 expression because of the unavailability of RNAs
from IGF2-expressing tissues. We presume that LOM of the
centromeric block induced the insulator activity of ICR1 and the
change of the higher-order chromatin conformation of the IGF2/
H19 domain, resulting in IGE2 repression in this patient.® *’
Since the methylation of the H19-promoter was normal, H19
expression is expected to be maintained at a normal level.

Lastly, the methylation statuses of both the centromeric and
telomeric blocks must be analysed to reach a correct molecular
diagnosis. Although peculiar LOM patterns may be rare, CTSs
in both the centromeric and telomeric blocks must be simultane-
ously analysed to avoid a molecular misdiagnosis.

The peculiar LOM of the patient with SRS reveals unknown
mechanisms of ICR1 and emphasises the need for precise molec-
ular methods to appropriately determine the methylation status
of ICR1. The new mechanisms of ICR1 should be elucidated to
understand the imprinting mechanism of the IGF2/H19 domain.
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