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Silver-Russell patients showing a broad
range of ICR1 and ICR2 hypomethylation

1in different tissues
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In all known congenital imprinting disorders an association with aberrant
methylation or mutations at specific loci was well established. However,
several patients with transient neonatal diabetes mellitus (TNDM),
Silver-Russell syndrome (SRS) and Beckwith-Wiedemann syndrome
(BWS) exhibiting multilocus hypomethylation (MLH) have meanwhile
been described. Whereas TNDM patients with MLH show clinical
symptoms different from carriers with isolated 6q24 aberrations, MLH
carriers diagnosed as BWS or SRS present only the syndrome-specific
features. Interestingly, SRS and BWS patients with nearly identical MLH
patterns in leukocytes have been identified. We now report on the

both 11p15 imprinted control regions (ICRs) in leukocytes. One patient
was a monozygotic (MZ) twin, another was a triplet. While the
hypomethylation affected both oppositely imprinted 11p15 ICRs in
leukocytes, in buccal swab DNA only the ICR1 hypomethylation was

buccal swab DNA nor in skin fibroblasts. Despite mutation screening of
several factors involved in establishment and maintenance of methylation

for the ICR1/ICR2 hypomethylation in our patients remained unclear.
Furthermore, the reason for the development of the specific SRS
phenotype is not obvious. In conclusion, our data reflect the broad range
of epimutations in SRS and illustrate that an extensive molecular and
clinical characterization of patients is necessary.
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Silver-Russell syndrome (SRS, RSS; OMIM
180860) is a clinically and genetically heteroge-
neous disorder which is mainly characterized by
severe intrauterine and postnatal growth restriction

molecular findings in DNA in three SRS patients with hypomethylation of

visible in two of our patients. In the non-affected MZ twin of one of these
patients, aberrant methylation was also present in leukocytes but neither in

marks including ZFP57, MBD3, DNMT1 and DNMT3L the molecular clue
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(<—2.0 SD). Typical clinical features include an
asymmetry of body and limbs, relative macro-
cephaly, a triangular face and feeding difficulties in
early childhood. In ~40% of patients disturbances
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in the epigenetically regulated region 11pl5 are
detectable, in additional 10% a maternal uni-
parental disomy for chromosome 7 (upd(7)mat)
can be diagnosed (for review (1)). In 11pl5, two
adjacent imprinted gene clusters are localized
which are regulated by two separate imprinted
control regions (ICRs). The telomeric ICR1 acts
as a control element for H/9 and IGF2 expres-
sion while expression of KCNQI and CDKNIC
is regulated by the centromeric ICR2. In >38% of
patients with SRS, a hypomethylation of the ICR1
is detectable; further patients carry maternal dupli-
cations of the whole 11p15 chromosomal region or
upd(11pl5)mat (2). So far, only one SRS patient
with a mutation restricted to the ICR2 has been
observed (3).

Beckwith-Wiedemann syndrome (BWS; OMIM
130650) is genetically and at least in parts
clinically opposite to SRS. This overgrowth syn-
drome has a variable phenotypic expression includ-
ing macroglossia and abdominal wall defects as
the most prominent signs. The epigenetic and
genetic findings include an ICR2 hypomethyla-
tion in 50—60% of patients, an upd(11)pat in 20%,
an ICR1 hypermethylation in 5%, paternal 11p15
duplications in 3%, and CDKNIC point mutations
(for review (4)). Interestingly, there is an increased
rate of monozygotic (MZ) twins in BWS which
are nearly always phenotypically discordant (for
review (5)).

In SRS and BWS as well as in the other
known congenital imprinting disorders an associa-
tion with aberrant methylation or mutations at spe-
cific loci was well established. However, several
patients with transient neonatal diabetes mellitus
(TNDM; OMIM 601410) exhibiting hypomethy-
lation at further maternally imprinted loci in
addition to the disease-specific locus in 6q24
have been reported (6, 7). In some of these
patients, mutations in the ZFP57 gene could be
identified to be associated with the multilocus
hypomethylation (MLH) (8). Recently, BWS and
SRS patients with MLH in blood lymphocytes
have also been reported; both paternally and mater-
nally imprinted loci were affected in leukocytes of
the probands (9-13).

We now report on our molecular findings in
DNA from three SRS patients with hypomethy-
lation of both ICRs in 11pl5. The patients were
initially referred for routine SRS diagnostic testing.

Genomic DNA was isolated from peripheral
blood leukocytes from the patients, their sibs and
their parents by a simple salting out procedure.
Buccal swab DNA from both sides of the mouth
was obtained using the innuPREP Swab DNA Kit
(analytikjena, Jena/Germany). In case of patient 3
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and her MZ twin, DNA from skin biopsies was
available.

Routine screening for 11p15 imbalances and ep-
imutations was performed by methylation-specific
multiplex ligation-dependent probe amplification
(MS-MLPA) using a commercially available kit
(SALSA MEO30BWS/RSS, MRC Holland, Ams-
terdam/NL). Methylation analyses for other im-
printed loci were performed by MS-MLPA for the
SNRPN and the NDN loci using a commercial
kit (ME028-B1, MRC Holland) or locus-specific
methylation-specific (MS) polymerase chain reac-
tion (PCR) approaches. For these MS-PCRs,
genomic DNA was bisulfite treated — according
to the protocol recently published by Kanber
et al. (14) or by using the EZ DNA Methyla-
tion Gold Kit from Zymo Research (Orange,
CA). Locus-specific MS-PCRs were performed
for ARHI (1p31.3; D. Kanber, personal com-
munication), PLAGLI (6q24) (15), GRBIO/MEGI
(7p12) (8), MEST/PEGI (7q32) (16), RBI (13q14)
(17), IG-DMR (14q32) (18, 19), PEG3 (19q13)
(7), NESPAS, NESP and GNAS (20q13) (8, 17). In
addition, the methylation levels of the ICR1/ICR2
in 11p15 and of several CpGs of the differentially
methylated regions (DMRs) of the imprinted genes
PLAGLI, GRBI10, MEST, SNRPN, MEG3 and
PEG3 were determined by bisulfite pyrosequenc-
ing. Bisulfite pyrosequencing of the PLAGLI locus
has been described recently (20). For the DMRs
of the other loci, primers were designed using
PyroMark Assay design 2.0 (primer sequences
are available on request). Bisulfite pyrosequencing
was performed as recently described (21).

MS-MLPA for 11pl5 (epi)mutations revealed
both ICR1 and ICR2 hypomethylation in periph-
eral blood lymphocytes of three patients referred
as SRS (Fig. 1). In patients 1 and 2, the loss of
methylation (LOM) at both loci was obvious while
in patient 3 the methylation indices (MlIs) for both
loci revealed low level demethylation. The data
were confirmed by pyrosequencing approaches.

We then analyzed genomic DNA from buccal
swabs from the left and the right buccal side by
MS-MLPA in the three patients. In all patients,
hypomethylation of the ICRI was confirmed
but the ICR2 MIs were in the normal range
in patients 1 and 3 (Fig. 1). Only in patient
2 ICR2 hypomethylation was confirmed. Strong
differences in the range of hypomethylation were
observed between both sides of the oral cavity,
reflecting the high degree of variation of epigenetic
mosaicism in an individual. DNA from skin biopsy
of patient 3 showed the same methylation pattern
as found in blood, i.e. a low level mosaicism for
both ICR1 and ICR2 hypomethylation.
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Fig. 1. Methylation indices (MIs) obtained by methylation-
specific multiplex ligation-dependent probe amplification for
the ICR1 and ICR2 loci in 11pl5 in DNA obtained from
blood and buccal swabs. In the three patients and the healthy
monozygotic twin of patient 3, DNA from blood and from the
left and right side of the oral cavity were tested, in case of
the buccal swab DNA of the controls left and right were not
differentiated.

Lymphocyte DNA of the three patients was also
checked for further epimutations at other imprinted
loci: in patients 1 and 3 we could not detect any
further epimutation. In patient 2 hypomethylation
at the MEST/PEGI locus was observed in both
lymphocytes and buccal swab DNA. MEST/PEG1
is believed to be involved in fetal growth, although
its precise function is unknown. In mice, disruption
of the Mest/Pegl gene causes embryonic growth
retardation when paternally transmitted (22). How-
ever, since MEST/PEGI hypomethylation func-
tionally corresponds to a upd(7)pat and this
aberration is not associated with an imprinting dis-
order we assume that a phenotypic consequence of
this epimutation is not obvious.

Interestingly, the healthy MZ twin sister of
patient 3 carried a more severe hypomethylation of
both ICRs in 11p15 in leukocytes than her affected
sister (Fig. 1) but in DNA from buccal smear
and skin fibroblasts, respectively, the methylation

pattern was normal. This observation is consistent
with recently published data from MZ twins
discordant for BWS: in buccal swab DNA of BWS
MZ twins aberrant methylation was detectable only
in the affected twin whereas both twins showed
similar abnormal methylation patterns in blood (5).
The restriction of the ICR1/ICR2 hypomethylation
to blood in the healthy twin of patient 3 agrees with
the idea of a possible fetal sharing of hematopoietic
cells circulation (23) in MZ twins because 70% of
all MZ monochorionic twins share blood through
vascular connections (24). It is also consistent
with another hypothesis for the similar epimutation
patterns in discordant MZ twins which comprises
the migration of blood cell precursor cells from the
yolk sac (5).

Recently, hypomethylation of both ICRs in
11p15 has also been described in BWS (5, 11).
Thus it can be asked why the same hypomethy-
lation pattern is associated with both SRS and
BWS as opposite clinical pictures. In two of our
patients the ICR1 hypomethylation was the only
epimutation which was present in the DNA from
different tissues while the ICR2 LOM was not.
This finding is supported by the normal imprint-
ing status of these regions in the second investi-
gated tissue of the MZ twin of patient 3 carrying
an ICR1 and ICR2 hypomethylation in lympho-
cytes. However, the epimutation mosaicism in our
third patient was extremely broad. Azzi et al. (11)
recently suggested that epigenetic mosaicism may
vary between different tissues and tissue-specific
distribution of this mosaicism might explain the
clinical expression of either SRS or BWS. In addi-
tion, the date of disturbed methylation in ontogen-
esis has to be considered and has probably a great
impact on the clinical course of the disease.

Clinically, our three patients do not obviously
differ from SRS patients with isolated ICR1
hypomethylation (Table 1) (Fig. 2). This obser-
vation is consistent with that from other studies
on SRS and BWS patients with MLH exhibit-
ing the typical clinical courses but is different
from TNDM where the phenotype of MLH car-
riers is altered in comparison to TNDM patients
with isolated 6q24 hypomethylation (7). However,
an influence of the ICR2 hypomethylation on the
phenotype cannot be excluded: two of our carriers
(patient 1 and the twin sib of patient 3) of ICRI
and ICR2 LOM showed an umbilical hernia, which
is one of the key features of BWS.

The loss of paternal as well as of maternal
methylation marks in our three patients with SRS
can probably not be attributed to a deficient acqui-
sition of methylation during gametogenesis but
is consistent with an incorrect maintenance of
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Patient 2

9.

Patient 3: after birth

Patient 3: 9 months

v ~
k ,.1_1

Twin: 9 months

Fig. 2. Clinical presentation of (a) patient 2 at the age of 15 years; (b) patient 3 after birth (left), the patient (middle) and her twin

sister (right) at the age of 9 months.

methylation after fertilization. To further inves-
tigate the underlying defect of the ICRI1/ICR2
hypomethylation we screened coding regions of
the ZFP57, DNMT3L, DNMTI and MBD3 genes
for mutations in the three patients. All these factors
have been functionally associated with establish-
ment and maintenance of methylation marks in
human, but we failed to detect any pathogenic
mutation in the coding regions of these genes. We

furthermore excluded submicroscopic imbalances
by SNP array typing (SNP 6.0 array, Affymetrix,
High Wycombe, UK).

Our results and those from other groups show
that ICR1/ICR2 hypomethylation in SRS is not
rare (11, 13): among our 77 ICR1 hypomethylation
carriers identified in routine diagnostics, three
showed the additional ICR2 hypomethylation. This
rate of 3.8% is similar to that reported by Azzi
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et al. (11) of 4.05% (3 out of 74 ICRI positive
patients). Molecular genetic testing for SRS should
therefore not be restricted to the ICR1 in 11pl5
but should comprise further loci. As our data from
different tissues shows, the extent of mosaicism
for epimutations in the same individual can be
broad. In case of ICR1/ICR2 hypomethylation the
phenotype is probably caused by the predominant
epimutation in that tissue and that ontogenetic
stage which is relevant for the course of the
disease.
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