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Beckwith Wiedemann Syndrome (BWS) is an overgrowth syndrome, characterized 

by a spectrum of growth related symptoms. Pre- and postnatal overgrowth, 
macroglossia and anterior abdominal wall defects, occur in most cases. In addition, 
ear pits and creases, nevus flammeus, neonatal hypoglycaemia, organomegaly, 
renal abnormalities and hemihypertrophy can be observed. Children with BWS have 
an increased susceptibility (7.5%) to childhood tumours compared to normal 

children (0,17%). The DNA-diagnostic laboratory of the Departmetn of Clinical 
Genetics of the Academic Medical Centre in Amsterdam offers diagnostic testing for 
BWS patients for many years now. The diagnostic tools have changed over the 
years; from 1999 onwards the laboratory is the reference laboratory for BWS 
diagnostics in the Netherlands. 

This introduction summarizes the current knowledge of the clinical and molecular 
aspects of the BWS syndrome and defines the research topics of the different 
chapters in this thesis. 

THE CLINICAL DIAGNOSIS OF BWS 

BWS was first described in 1963 by JB Beckwith1 and in 1964 by HR Wiedemann2 as 
a combination of prenatal overgrowth (=gigantism or macrosomia) in combination 

with an enlarged tongue (=macroglossia) and abdominal wall defects (omphalocele, 
umbilical hernia or diastasis recti). BWS was previously designated the EMG 
syndrome, after the distinctive features Exomphalos, Macroglossia and Gigantism. 

An expanding spectrum of clinical features has been described in a number of 

papers3-7. The features most frequently found in BWS patients are listed in table 1 
and shown in figure 1. 

Less common features associated with BWS are cleft palate, hemangioma, 

advanced bone age, enlarged labia, cliteromegaly, hypospadias and cryptorchidism. 
Sporadically there is a positive family history8. Monozygotic twinning is increased 
among BWS patients, most twins being female. The sex-ratio for BWS patients is 

around 1 (106:100 3). 

Although BWS is referred to as an overgrowth syndrome, at birth macrosomia is 
not present in all BWS patients. In some of the cases without prenatal overgrowth 

increased growth is observed in the first months of life. In all cases (early) 
adolescence growth curves approach the norm, but remain between P75 and P90 
(the 50th percentile is the average height for any given age9).  

Patients with BWS have an increased risk for the development of embryonal 

tumours in childhood. The three largest studies show frequencies of 7.5% 
(29/388)10, 7.1% (13/183)11 and 14% (22/159)12, whereas the risk for these 
embryonal tumours is 0,17% in normal Dutch children13.The most common tumour 
reported in BWS patients is Wilms tumour, a tumour of the kidney, also called 

nephroblastoma (43%). However, a wide variety of other tumours are seen, like 
neuroblastoma, rhabdomyosarcoma and adrenocortical carcinoma10. Ninety % of 
Wilms tumours have been diagnosed at the age of 7 years, at the age of 10 years  
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Table 1. Common clinical features and their prevalence. 

Clinical feature 
Prevalence 

(%) 

Increased birth weight 38.08 

Postnatal gigantism 32.78 

Macroglossia (enlarged tongue) 97,53 

Omphalocele (exomphalos) 75.83 

Umbilical hernia 49.33 

Diastasis recti  33.33 

Anterior linear ear lobe creases/posterior helical ear pits  66.23 

Visceromegaly involving one or more intra-abdominal organs including liver, 
heart, spleen, kidneys, adrenal glands, and pancreas  

97.63 

Hemihyperplasia (asymmetric overgrowth of one or more regions of the body)  32.93 

Polyhydramnios  51.03 

Neonatal hypoglycemia 60.93 

Midfacial hypoplasia   81.33 

Nevus flammeus 62.53 

Features marked in bold are shown in figure 1. 

the tumour risk approaches the baseline of the risk of cancer in the normal 

population11. 

Clinical features like hemihypertrophy and especially organomegaly may indicate 
a higher tumour risk. Wiedemann10 and Goldmann12 reported a tumour risk of more 

than 20% in BWS patients with hemihypertrophy. Hemihypertrophy and malignant 
tumours occur more frequently in patients with Uniparental Disomy (UPD) of 
chromosome 11p1514. Hemihypertrophy can be found in association with other 
characteristics of BWS, but it can also occur as an isolated entity. A subgroup of 
individuals with apparently isolated hemihyperplasia may have BWS with minimal 

clinical findings. Children with isolated hemihyperplasia carry an increased tumour 
risk of 5.9%15. Diagnosis is sometimes hampered by the heterogeneity of the clinical 
presentation. Children presenting with overgrowth in combination with an enlarged 
tongue, omphalocele or other umbilical abnormalities, are easily recognized at 
birth as BWS patients. But many patients however lack one or more of these 

distinctive features, where on the other hand overgrowth is present also in the 
normal population (>P97 indicates that 3/100 normal children fulfill one of the 
major criteria of BWS). Macroglossia is the most characteristic feature that leads 
paediatricians to the diagnosis BWS, with or in the absence of general prenatal 

overgrowth. Ninety–five % of BWS patients present an enlarged tongue3. However, 
macroglossia is also present in other diseases like type 2 glycogen storage disease 
(MIM 232300) neurofibromatosis (MIM 162200), congenital hypothyroidism, and it 
can also be present in an isolated form16. 
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Figure 1. Major characteristics of the Beckwith Wiedemann syndrome A Discordant 
monozygotic twinpair, BWS twin on the left. B. Macroglossia C. Ear pits D. ear creases E. 
abdominal wass defects (omphalocele), F. (Prenatal) Gigantism; Photographs were 
reproduced with informed consent of the parents of the patients. 
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Figure 2. Imprinting mechanisms in BWS. Me: mehylated 
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Prenatal overgrowth, although typical for BWS, is also associated with other 
syndromes, referred to as the overgrowth syndromes (OGS)17;  Simpson-Golabi-
Behmel syndrome, Perlman syndrome, Sotos syndrome, Proteus syndrome, 

Bannayan-Riley-Ruvalcaba syndrome, macrocephaly-cutis marmorata syndrome, 
Marshall-Smith syndrome, Weaver syndrome and Klippel-Trenaunay syndrome 
belong to the OG syndromes. 

Like BWS, all OGS have an increased tumour risk. Simpson-Golabi-Behmel 

syndrome (SGBS, MIM 312870) is an OGS that shares two of the three major features 
with BWS; prenatal overgrowth and macroglossia. Also seen are cleft palate, 
visceromegaly, earlobe creases, hernias and neonatal hypoglycemia. However, it 
can be distinguished from BWS when distinctive facial features i.e. cleft lip, 

skeletal abnormalities, including polydactyly or mental retardation are present. In 
30% of individuals with SGBS deletions and mutations in the glypican-3 gene (GPC3, 
MIM 300037) are detected18. 

Several attempts have been made to define criteria for clinical diagnosis to 

differentiate between BWS and other OG syndromes. In 1994 Elliot et al4 clinically 
characterized 76 BWS patients. Based on their findings features were classified as 
major (commonly present) or minor (less frequently present). They formulated 

criteria for diagnosis; a positive Diagnosis can be made if 3 major features or 2 
major features plus 3 minor features are present. Major features are anterior 

abdominal wall defects, macroglossia and pre- and/or postnatal growth >90th 
centile; minor features are ear creases or pits, naevus flammeus, hypoglycaemia, 
nephromegaly and hemihypertrophy. 

In 1998 DeBaun et al11 set new, less strict criteria to define the syndrome. His 
criteria for the disease are the presence of two or more of the most common 
features (macroglossia, macrosomia, abdominal wall defects, hypoglycaemia and 

creases and pits). 

In 2001 Weksberg et al19 extended the list of major features with 
hemihyperplasia, embryonal tumours, adrenocortical cytomegaly, viseromegaly, 

renal abnormalities, cleft palate and a positive family history. If there are fewer 
than three of these common features the following minor features may support the 
diagnosis: polyhydramnios and pre-mature birth, enlarged placenta, cardiomegaly 
or structural cardiac anomalies, nevus flammeus or other hemangiomata, advanced 

bone age, midfacial hypoplasia and monozygotic twinning. 

To be able to perform reliable genotype/phenotype correlation studies, 
agreement on criteria based on detailed characterization of patients is important. 
To obtain these data the DNA-diagnostic laboratory of Dept. of Clinical Genetics of 

the Academic Medical Centre has been sending questionnaires to all referring 
paediatricians. The questionnaire used for this purpose was designed by a clinical 
geneticist specialized in BWS (S. Maas). Patients were either classified as EE 
(fulfilling the criteria of Elliot4), EB (fulfilling the criteria DeBaun11) or neither of 

these two sets of criteria. All clinical and genetic data were collected in a BWS 



HAVEKA BV_17x24 8A

Introduction 1 

 

15 

database, now containing more than 400 BWS patients. Only those patients of whom 
clinical data are available have been included in the database. When patients were 
misdiagnosed and later appeared not to have BWS but another syndrome, they were 

excluded from the BWS database. Patients with an incomplete phenotype remain 
included in the database but are marked as not fulfilling the criteria for BWS. 

THE MOLECULAR GENETIC DIAGNOSIS OF BWS 

The majority of BWS patients have a normal karyotype, only a few cases with a 
chromosomal abnormality involving chromosome 11p15 have been reported. These 
cases include partial duplications of 11p15, often resulting from unbalanced 
translocations20, 21. The extra copy is always inherited from the father. Balanced 
translocations have also been described, all of maternal origin22, 23.  

In 20% of BWS cases, uniparental disomy (UPD) of chromosome 11p15 can be 
detected14, 24, 25. These patients have two copies of the chromosome present, 
however both copies (or a part) of the chromosome originate from the father 

whereas no maternal copy is present. 

These parent-of-origin effects in chromosomal abnormalities associated with BWS 
indicate that BWS might arise from altered expression of imprinted genes. 

GENOMIC IMPRINTING 

Some genes in the human genome escape Mendelian inheritance i.e. their 
expression depends on the parental origin of the chromosome on which the gene 

resides. This phenomenon is called genomic imprinting. The molecular basis of 
genomic imprinting is epigenetic. That is, heritable changes in gene expression are 
not the result of mutations in the DNA sequence itself, but from modifications such 
as DNA methylation and changes in chromatin structure. The process of genomic 

imprinting involves the establishment of parent-specific epigenetic modifications in 
the germ line that result in monoallelic expression of genes in a parent-of-origin 
dependent manner. 

The most broadly accepted hypothesis for the existence of genomic imprinting is 

the parental conflict model first proposed by Moore and Haig 26, 27. Imprinted genes 
are often involved in foetal growth28. In mammals nutrients for the offspring are 
provided exclusively by the mother through exchange via the placenta and then 
through lactation. The mother needs to conserve resources to ensure her own 

survival and the survival of future offspring. Therefore, maternally derived genes 
will reduce growth.  In contrast, it is in the father’s genetic interest to have large, 
strong offspring; growth promoting genes are often paternally derived. 

Imprinted genes are clustered in chromosomal domains and monoallelic 

expression of the genes in these domains is controlled by imprinting control regions 
(ICRs or ICs). ICRs are often methylated in a parent-of-origin-specific manner. 

Most ICRs are less than a few kilobases in size and comprise sequences that are 

rich in CpG dinucleotides (CpG islands). The cytosine residues in these CpG islands 
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are either methylated on the paternal or the maternal chromosome. Regions in ICRs 
containing these CpG islands are called Differentially Methylated Regions (DMRs). 
Methylation of cytosine residues in DMRs is accompanied by changes in the 

chromatin structure; methylated DMRs show methylation of histone H3 lysine 9 and 
lysine 27 whereas unmethylated DMRs have histone modifications such as H3 and H4 
acetylation and H3 lysine 4 methylation. 

Targeted deletion of ICRs in mice suggest that they operate in cis to impose 

monoallelic expression in imprinted domains29, 30. ICRs can induce gene silencing by 
two mechanisms: CCCTC-binding factor (CTCF) mediated insulation (figure 2C) and 
transcription of antisense RNAs (asRNA) (figure 2B). 

An insulator is defined a DNA sequence with binding sites for the CCCTC binding 

factor (CTCF). Binding of these proteins prevents enhancers from interacting with 
gene promoters if they are positioned between the enhancer and the target gene. 
The CTCF binding factors can bind to insulators only if they are unmethylated, on 

the unmethylated allele expression of the target gene is prevented30, 31. 

Most imprinted domains contain antisense RNAs (asRNA) that often overlap in 
anti-sense direction with protein coding genes. Expression of both transcripts show 

reciprocal imprinting implicating that asRNAs are involved in allele specific 
silencing of overlapping genes32. Evidence for the involvement of asRNAs imprinted 
silencing of autosomal genes comes from the mouse Igf2r locus, in which truncation 
of the Air antisense transcript results in allele specific silencing of coding genes in 

the imprinted domain33. 

Propagation of imprinting pattern to the offspring implies resetting of the imprint 
in the germline. The process of gamete imprinting was reviewed in 2006 by 

Tresler34. DNA methylation patterns on imprinted genes are, for the most part, 
erased in premordial germ cells (PGCs) and then re-acquired at gender-specific 
times during spermatogenesis and oogenesis. In the pre-implantation embryo 
genome wide demethylation takes place, with exception of the imprinted genes. 
Methylation of non-imprinted sequences is regained in the blastocyst stage and will 

persist through life. Histone modifications accompany methylation to inactivate 
genes35. 

Methylation of DNA is catalyzed by a family of DNA (cytosine-5)-

MethylTransferases (DNMTs). DNMT136 is a hemimethyltransferase, it is the most 
important gene involved in maintenance of DNA methylation patterns in the 
genome. During DNA replication the methylation patterns of the original strand are 
copied to the newly synthesized strand. The role of DNMT237 remains to be 
elucidated. The DNMT3 genes (DNMT3a38, DNMT3b38 and DNMT3L39) are involved in 

the acquisition of new methylation patterns or de novo methylation. In male DNMT1 
is not expressed in spermocytes at the time imprinting patterns are initially 
acquired. DNMT3a and DNMT3L are predominantly involved in initial methylation of 
imprinted genes in the male germ cells.  In the female germ line all three DNMT3s 

are expressed at the time when methylation imprints are acquired. In oocytes a 
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specific form of DNMT1 (DNMT1o40) is expressed but knockouts in mice show that it 
is not involved in the establishment of the female methylation pattern. However, 
these DNMTo deficient mice die in late gestation, due to abnormal expression of 

imprinted genes implicating that DNMTo expression is essential for maintenance 
methylation during pre-implantation development41. 

GENOMIC IMPRINTING IN BWS 

Breakpoints of maternally transmitted chromosomal translocations found in BWS 
patients are clustered in three regions on chromosome 11p15, designated Beckwith-
Wiedemann chromosomal regions (BWSCR)1, 2 and 342 . The most telomeric region, 
BWSCR1, is located within an imprinted domain on 11p15.5.  This domain contains 
two distinct clusters of imprinted genes involved in the genetics of BWS, Beckwith 

Wiedemann Imprinting Cluster 1 and 2 (BWSIC1 and BWSIC2)43-45. The homologous 
region in the mouse is located on chromosome 7. Both clusters contain a number of 
paternally and maternally imprinted genes. Expression of these genes is controlled 
by imprinting centres that shows characteristics of a classical ICR (figure 2A). 

IMPRINTING CLUSTER 1 

BWSIC1 is the most distal cluster. Monoallelic expression in this cluster is 
controlled by IC1 which contains a DMR (DMR1), and the promoter of an 

untranslated RNA, H19. The region contains a number of imprinted genes, one of 
which is the Insulin-like growth factor 2 (IGF2) gene. IGF2 expression is the key 
determinant in the role of BWSIC1 in BWS. 

IGF2 (MIM 147470) is expressed from the paternal allele and encodes an 

embryonic growth factor. The human IGF2 is expressed in 4 isoforms, the promoters 
P2, P3 and P4 are foetal promoters and are subject to imprinting whereas P1 is used 
postnatal and drives expression from both alleles, mainly in liver46. In mice 
postnatal expression of Igf2 confined to the choroid plexus and the leptomeninges 

of the central nervous system47. When the mouse Igf2 gene is disrupted in 
heterozygous mice, the offspring show inhibited foetal growth if the disrupted 
allele is paternally inherited but develop normally after birth48. Overexpression of 
Igf2 results in most of the symptoms of Beckwith-Wiedemann syndrome, including 

prenatal overgrowth, polyhydramnios, fetal and neonatal lethality, disproportionate 
organ overgrowth including tongue enlargement, and skeletal abnormalities49. 

This cluster contains a non-coding RNA, the H19 gene (MIM 103280). It is 2.7 kb 

long and includes 4 small introns. H19 is abundantly expressed in both extra-
embryonic and foetal tissues. The product of the H19 gene is expressed exclusively 
from the maternal chromosome during mammalian development50the paternal 
allele is methylated. In knockout mice where the complete H19 coding sequence is 
removed but the promoter and surrounding transcription unit are left intact there 

was no effect on the imprinted expression of IGF251. This suggests that the RNA 
itself has no function. However, a recent study suggests that H19 functions as a 
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primary microRNA precursor involved in the posttranscriptional downregulation of 
specific mRNAs during vertebrate development52. 

The ICR in this cluster mediates opposite imprinted expression of H19 and IGF2 

via CCCTC-binding factor (CTCF) mediated insulation. The CTCF protein binds to a 
DMR located in the close vicinity of the H19 promoter (DMR1) which contains 7 CTCF 
binding sites. On the unmethylated maternal allele CTCF binds to target sites in the 

DMR preventing the enhancers downstream of H19 from accessing the IGF2 
promoters 53-56. On the paternal allele, DNA methylation blocks CTCF binding. The 
absence of CTCF allows the enhancers to access IGF2 promoters resulting in IGF2 

transcription. Deletion of H19 leads to loss of imprinting and thus biallelic 
expression of Igf2 in mice57. 

These findings support the hypothesis that gain of methylation (GOM), thus 
inactivation of the maternal copy of H19, results in over expression of IGF2 and the 
development of BWS. In 1997 Catchpoole et al 24 showed that all UPD patients 

showed gain of methylation (GOM) at the promoter region of the H19 gene whereas 
GOM was also observed in 8% of non-UPD patients. The detection of aberrant 
methylation at this locus is since then included in the diagnostics of BWS. 

IMPRINTING CLUSTER 2 

BWSIC2 is located centromeric of cluster 1. Monoallelic expression of BWSIC2 is 
regulated by the IC2, which like IC1 contains a DMR (KvDMR/DMR2) and the 
promoter of a ncRNA, KCNQ1OT1 (LIT1). This cluster contains a number of 

imprinted genes, one of which is the cyclin dependent kinase inhibitor (CDKN1C) 
gene (Figure 2 cluster 2). Expression of CDKN1C is the key determinant in the role 
of BWSIC2 in BWS. 

CDKN1C (p57kip2, MIM 600856) is a kinase inhibitor and a negative regulator of cell 

proliferation. Mice lacking Cdkn1c expression show some of the features of BWS like 
exomphalos and adrenal cortex dysplasia, but lack typical features like overgrowth 
and macroglossia58. These mice show altered differentiation and are not viable.  

Mutations in the CDKN1C gene account for up to 40% of familial BWS cases and 5–

10% of sporadic patients. Functional analysis of CDKN1C germ line mutations 
detected in two BWS patients showed the loss of cell cycle inhibition59-63. 

This cluster contains an antisense RNA; the KCNQ1OT1 gene. It is a very large RNA 

(>300 kb), expressed only from the paternal allele. Its promoter is located in exon 
10 of KCNQ1. Hypomethylation of DMR2 in BWS is associated with silencing of 
CDKN1C64. 

The DMR2 contains both the promoter for the KCNQ1OT1 ncRNA and two CTCF 
binding sites65. 

KCNQ1OT1 mediates imprinted expression of the autosomal genes in the cluster 

by antisense silencing. In mice, deletion of Kcnq1ot1 results in biallelic expression 
of eight maternal-specific genes on distal chromosome 7 in all embryonic and extra-
embryonic tissues, including Cdkn1c. Fetuses and adult mice that inherited this 
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deletion from their fathers were 20–25% smaller than their wild type littermates45. 
However, truncation of the Kvlqt1ot1 transcript does not affect imprinted 
expression of Cdkn1c in a subset of embryonic tissues despite loss of paternal 

specific methylation of Cdkn1c. Growth deficiency in these mice is less severe than 
observed in mice with deletions of DMR2. This indicates that the DMR2 locus can 
silence Cdkn1c via a mechanism independent of KCNQ1OT1 transcription, perhaps 
by CTCF-associated repression66. 

These findings support the hypothesis that LOM, thus activation of the maternal 

copy of KCNQ1OT1 results abnormal silencing of CDKN1C and the development of 
BWS. In 1999 Lee et al43 first described aberrant methylation at the KCNQ1OT1 
locus in 58% of non-UPD patients without aberrant methylation of H19. 

MOSAICISM 

LOM of KCNQ1OT1 can be complete but pUPD and GOM of H19 are always present 
in a mosaic form. The percentage of cells having lost the maternal epigenotype 

varies between >0%  and <100%. 

This suggests that maternal contribution of BWSIC1 to the epigenotype is 
necessary for embryonal survival. The presence of a paternally imprinted gene in 

this region67, the homolog of drosophila Achaete-scute complex 2 (ASCL2, MIM 
601886), might explain this phenomenon. ASCL2 is expressed only in the 
extravillous trophoblasts of the developing placenta, mice deficient of this gene die 
at 10 days post coitum because of placental failure68. In complete paternal UPDs 

this gene is not expressed, leading to early lethality. 

The term mosaicism in this context indicates that there is a mixed population of 
cells, some with a normal imprinting pattern (and an active copy of ASCL2), and a 

subset with either two copies of the paternal chromosome or an imprinting defect 
of IC1 or IC2. 

OTHER ABNORMALITIES ASSOCIATED WITH METHYLATION DEFECTS 

ON CHROMOSOME 11P15 

BWS is an overgrowth syndrome caused by aberrant methylation of genes on 

chromosome 11p15. These defects are also found in a number of other growth 
related diseases. The first is isolated hemihypertrophy (IH, MIM 235000). 
Hemihypertrophy is often associated with various syndromes, one of which is BWS, 
but can also be present in an isolated form. Methylation defects in both imprinting 

clusters on chromosome 11p15 have been described in 30% of IH patients69. 

A syndrome with clinical characteristics opposite to BWS is the Silver-Russell 
Syndrome (SRS or RSS, MIM 180860). The main features of SRS are severe 

intrauterine and postnatal growth retardation and a characteristic small, triangular 
face. The disease is associated with additional dysmorphic features including fifth 
finger clinodactyly and hemihypoplasia70, 71. SRS is a heterogeneous disorder, 
therefore clinical criteria have been set. Patients are diagnosed with SRS when they 
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fulfill the following criteria: intrauterine growth retardation (IUGR: birth weight 2 
SD or more below the mean), postnatal growth retardation (length or height 2 SD or 
more below the mean), normal head circumference, fifth-finger clinodactyly and 

limb-length asymmetry. Additional features that can aid in the diagnosis are short 
stature with normal upper- to lower-segment ratio, normal skeletal survey, and 
frequently delayed bone age, typical facial phenotype of broad prominent forehead 
with small triangular face, small narrow chin, and down-turned corners of the 
mouth, hypoglycaemia, brachydactyly, camptodactyly, café au lait spots and arm 

span less than height. 

Like BWS, most cases of SRS are sporadic. Several SRS patients have structural 
aberrations affecting numerous chromosomes, but only chromosomes 7, 11 and 17 

were consistently involved in individuals fulfilling strict diagnostic criteria of SRS72. 
A few translocations all involving 17q25 have been described in SRS patients73, 74. 
Maternal uniparental disomy (UPD) of chromosome 7 has been implicated in 7 – 10% 
of SRS patients26, 75, 76. Two imprinted genes are located in the smallest region of 

overlap (SRO):  GRB10, which maps to 7p11.2-p12 and MEST (also known as 

PEG1), which maps to 7q32. GRB10 is paternally imprinted and MEST is 

maternally imprinted76. Maternal overexpression of GRB10 can result from gene 

duplication or maternal uniparental disomy of chromosome 777, 78. 

In 2005 Gicquel et al detected methylation defects in the most distal imprinting 
cluster (BWSIC1) on chromosome 11p15 that is involved in BWS79. 

DIAGNOSTIC TESTING FOR BWS 

In theory, overexpression of IGF2 would be the most relevant diagnostic tool for 
BWS, but unfortunately, this is not useful in practice. The postnatal level of 

circulating IGF2 protein does not reflect the tissue-specific over-expression of IGF2 
that occurs prenatally and a source of IGF2 expressing tissue is required for direct 
measurement of expression levels. 

DNA diagnostics is based on epigenetic and genetic defects that have been 

observed among BWS patients: 

• Chromosomal abnormalities (translocations/partial duplications involving 

11p15)  

• Paternal uniparental disomy of 11p15 

• LOM of KCNQ1OT1 

• GOM of H19 

• Mutations in CDKN1C 

The DNA-diagnostic laboratory of the Dept. of Clinical Genetics of the Academic 

Medical Centre offers genetic testing for all defects present in BWS patients. All 
diagnostic tests are performed on DNA isolated from blood lymphocytes, First, the 
methylation status of KCNQ1OT1 and H19 are determined. In most studies in this  
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Figure 3. Methylation analysis. Left panel: southern blot hybridisation, Right panel: 
schematic representation of experiment. A: probes LIT1 and NotC (control), B: probes SmaC 
(control) and H19. Meth: methylated, M.I. Methylation Index. 

thesis (except chapter 6-8), aberrant methylation is detected by a technique based 
on southern blot hybridisation (see figure 3). 

DNA is first digested until completion with a methylation sensitive restriction 

enzyme, either NotI (KCNQ1OT1) or SmaI (H19). These enzymes only cut 
unmethylated DNA, leaving the methylated allele intact. The resulting DNA 
fragments are separated on an agarose gel and transferred to a immobilization 
membrane by southern blotting. Subsequently the membrane is hybridized with a 
radio active labelled probe, specific for the DMRs of KCNQ1OT1 or H19. Radioactive 

signals are detected with the use of a phosphorimager, which allows quantification 
of the signals. With each probe two bands are detected: a small digested non-
methylated band and a larger non-digested methylated band. The relative intensity 
of the two bands represents the methylation profiles at each locus. In normal 

controls the two bands are present in equal intensities, one allele is methylated 
and one allele is unmethylated in all cells. A methylation defect of KCNQ1OT1 is 
observed when the smaller, digested unmethylated band of KCNQ1OT1 has a higher 
intensity, indicating that some cells have lost methylation of the maternal copy of 
the gene. For H19 the opposite stands true, the larger, undigested methylated band 
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is more intense, indicating that there are more cells present in which the maternal 
copy of the gene has become methylated. 

When both genes show aberrant methylation, this results either from paternal 

UPD or a duplication of chromosome 11p15.5. Both defects are no true imprinting 
defects, but the result of the presence of two copies of the paternal allele and 
hence two copies of the gene with a paternal imprint. 

To confirm pUPD, a number of polymorphic CA-repeat markers on chromosome 
11p15 are tested for allelic imbalance. For this test DNA from both parents must be 
available. Allelic ratios are determined by comparing the peak-areas of the paternal 

and maternal fragments. 

Duplications are confirmed by FISH analyses or MLPA 

When no methylation defect is present in a BWS with a clear phenotype, and in 

familial cases, the complete coding region of the CDKN1C gene is analysed by direct 
sequencing. 

OUTLINE OF THE THESIS 

At the start of the studies described in this thesis, aberrant methylation patterns 
of H19 and KCNQ1OT1 were observed as a research finding in BWS patients. 

At first our objective was to adapt the methods for the detection of methylation 

defects for a routine diagnostic setting. This indicated that the protocol needed to 
be sensitive, accurate and reproducible. There was a need for controls within the 
test for complete digestion with the methylation sensitive restriction enzymes. This 

study is described in chapter 2 of this thesis. We had previously collected a large 
number (>100) of clinically well characterized BWS patients. We performed 
methylation analysis, UPD screening and CDKN1C mutation analysis to be able to 
establish the prevalence of each genetic defect known to be associated with BWS. 

In chapter 3 of this thesis, we focussed on the BWS patients with cancer. We 

investigated the possibility to distinguish between BWS patients with a low and a 
high tumour risk on the basis of genetic findings. For this study it was a necessity to 
include as many patients as possible. Therefore this study was performed in 

collaboration with a French research group of Dr. Christine Gicquel (Paris). 
Combined results on 114 BWS patients were obtained. We reviewed data from the 
literature to establish tumour risk and tumour types in a total of 287 BWS patients. 

In chapter 4 of this thesis we performed the same analysis on isolated 

hemihypertrophy (IH) patients. Also in this study data were obtained from a large 
series (74) of well defined IH patients that were referred to our hospital. We 
further reviewed data from the literature to establish tumour risk and tumour types 

in a total of 114 IH patients. 

In chapter 5 we analyzed methylation patterns in a syndrome that presents with 
symptoms opposite to the BWS syndrome. Patients with Silver-Russel syndrome 
(SRS) are small at birth and have a characteristic facial appearance. A small 
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fraction of SRS show loss of methylation of H19. We analysed methylation patterns 
of H19 in SRS patients and SRS patients with an incomplete phenotype. 

In chapter 6 we developed a new technique that permits the detection of 

methylation changes in BWS patients. Until now, routine diagnostic testing is 
performed by southern blot, this method is sensitive hut time consuming and needs 
a large amount of DNA. PCR based techniques require less DNA but do not 

differentiate between methylated and unmethylated alleles. Bisulfite treatment of 
DNA causes deamination of unmethylated cytosines to uridine, thereby enabling 
discrimination between unmethylated and methylated cytosine residues. The 
difference in the DNA sequence that arises from this treatment can be used to 
discriminate between the methylated and unmethylated alleles. 

In 2006 Rossignol et al described LOM of multiple paternally imprinted genes 
outside the BWS regions in patients with LOM of KCNQ1OT180. In chapter 7, we 
screened a large series of BWS patients with an IC2 defect for loss of methylation in 

paternally imprinted genes. Patients were clinically characterized, to obtain 
possible correlations between the phenotype and (epi)genotype. This study was 
performed in collaboration with the Italian research group of Prof. Andrea Riccio 
(Naples) and the laboratory of Dr. Deborah MacKay (Salisbury). 

Discordant MZ female twins have been described among BWS patients. In chapter 
8, we characterize 13 BWS twins. We established zygosity and placentation of the 
twins and collected clinical data. In all twins we established the methylation status 

of genes on chromosome 11p15 and other paternally imprinted genes. The objective 
of this study is to gain further insight in the mechanisms underlying the aetiology of 
these remarkable twins. 

In the last publication of this thesis, chapter 9, we report on a familial 

transmitted duplication and a familial transmitted translocation of the distal 11p15 
region. Depending on the parental origin of the chromosomal abnormality, 
differences in phenotype occur. In this chapter we analyze the mechanism 
underlying this phenomenon. 

In chapter 10 and 11 we summerize and our findings and discuss the implications 
for futher research. 
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ABSTRACT 

Beckwith–Wiedemann syndrome (BWS) is an overgrowth malformation syndrome 
that maps to human chromosome 11p15.5, a region that harbours a number of 
imprinted genes. We studied the methylation status of H19 and KCNQ1OT1 

(LIT1/KvDMR1) in a large series of BWS patients. Different patient groups were 
identified: group I patients (20%) with uniparental disomy and hence aberrant 

methylation of H19 and KCNQ1OT1; group II patients (7%) with a BWS imprinting 
centre 1 (BWSIC1) defect causing aberrant methylation of H19 only; group III 
patients (55%) with a BWS imprinting centre 2 (BWSIC2) defect causing aberrant 
methylation of KCNQ1OT1 only; and group IV patients (18%) with normal 
methylation patterns for both H19 and KCNQ1OT1. BWS patients have an increased 

risk of developing childhood tumours. In our patient group, out of 31 patients 
(group III) with KCNQ1OT1 demethylation only, none developed a tumour. However, 
tumours were found in 33% of patients with H19 hypermethylation (group I and II) 
and in 20% of patients with no detectable genetic defect (group IV). All four familial 

cases of BWS showed reduced methylation of KCNQ1OT1, suggesting that in these 
cases the imprinting switch mechanism is disturbed. 
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INTRODUCTION 

The Beckwith–Wiedemann syndrome (BWS) is a phenotypically heterogeneous 
overgrowth syndrome that is characterized by a combination of various symptoms. 
Anterior abdominal wall defects, macroglossia, pre- and postnatal overgrowth and 
characteristic facial dysmorphology occur in most cases. In addition, neonatal 
hypoglycaemia, organomegaly, renal abnormalities and hemihypertrophy occur. 

Children with BWS have an increased susceptibility (7.5%) to childhood tumours, 
most commonly Wilms’ tumour (WT), but also adrenocortical carcinoma, 
hepatoblastoma and neuroblastoma (1–7).  

Most BWS cases are sporadic but familial inheritance is observed in 15% of all 

cases. Linkage studies have assigned this syndrome to chromosome 11p15 (8,9). 
Although most patients have a normal karyotype, a number of chromosomal 
abnormalities have been described, all involving chromosome 11p15. These 
abnormalities include maternally inherited balanced chromosomal translocations 

and inversions that map to three distinct regions on chromosome 11p15: BWS 
chromosomal regions 1, 2 and 3 (BWSCR1, -2 and -3, respectively) (10–12). 
Furthermore, paternal trisomy of chromosome 11p15 has been found and in 20% of 
the cases uniparental paternal disomies (UPD) of 11p15 could be detected (13–18). 

In view of the specific parental origin of the chromosomal abnormalities it is 
evident that imprinting plays a role in the aetiology of the syndrome.  

The following genes, located in BWSCR1, are involved in this syndrome (Fig. 1). 

 

 

Figure 1. Imprinted region on chromosome 11p15.5. M, maternal chromosome; P, paternal 
chromosome (not all imprinted genes are listed). 

Insulin-like growth factor II (IGF2) is a paternally expressed fetal growth factor. In 
two studies biallelic expression of this gene was seen in 4/6 (67%) and 9/11 (81%) of 
the patients without cytogenetic abnormalities (19, 20), although in a later study 
this frequency was only 2/10 patients (20%) (21).  
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IGF2 has the highest level of expression in tissues that are affected by overgrowth 
in BWS. Transgenic mice with high over-expression of Igf2 exhibit most BWS 
symptoms, except tumours, hemihypertrophy, hypoglycaemia and exomphalos (22).  

H19 is a maternally expressed gene that codes for an untranslated RNA. Its mode 
of action is not yet fully understood. H19 and IGF2 are reciprocally imprinted. 
Deletion of H19 leads to loss-of-imprinting (LOI) and biallelic expression of Igf2 in 

the mouse. These mice have an increased birth weight (23–25). The mechanism 
through which Igf2 is controlled by H19 is being debated: H19 functions according 
to either an enhancer competition model or a more recently proposed boundary 
model (26–28). Regulation of IGF2 expression is the most probable function of the 
gene.  

H19 is expressed in human fetal tissues and down-regulated postnatally but re-
expressed in tumours arising from tissues that express the gene during 
embryogenesis (29, 30). 

LOI of H19 is observed in 8% of sporadic non-UPD BWS patients, leading to 
inactivation of the maternal H19 gene and activation of the maternal IGF2 gene 
(31). 

CDKNIC (p57kip2) encodes a cyclin-dependent kinase (Cdk) inhibitor, involved in 
the regulation of the cell cycle. CDKNIC is expressed from the maternal allele only, 
although some expression (5–30%) is observed from the paternal chromosome (32). 

The first study of CDKNIC in BWS patients reported a high percentage (20%) of 
mutations in this gene (33). In more recent studies, however, a lower percentage 
(<10%) was found in sporadic cases. Of familial cases 40% harboured CDKNIC 
mutations (34–38). Mice lacking p57kip2 expression display some of the BWS 

symptoms like exomphalos and adrenal cortex dysplasia but lack features typical for 
BWS like gigantism and macroglossia (39).  

BWS patients with UPD of IGF2 and those with mutations in CDKNIC are 

phenotypically indistinguishable. It was suggested that CDKNIC and IGF2 act in 
opposing ways to control cell cycle proliferation during development. A double 
mutant mouse model, in which both loss-of-function of p57kip2 and LOI of Igf2 are 
present, showed indeed that CDKNIC and IGF2 do interact (40).  

KCNQ1(KvLQT1) codes for a voltage-gated potassium channel. The gene spans 

300 kb and encompasses all translocation breakpoints in BWSCR1 (10, 41). KCNQ1 is 
expressed only from the maternal allele except in the heart where both copies of 
the gene are expressed (42). In two patients with a chromosomal translocation 

disrupting KCNQ1, biallelic expression of IGF2 was found (43,44) but the exact role 
of KCNQ1 in the aetiology of BWS is not yet understood.  

Recently a fifth gene in BWSCR1 involved in the development of BWS, KCNQ1OT1 

(KCNQ1 overlapping transcript 1), was discovered. Mitsuya et al. (45) described the 
existence of a long QT intronic transcript 1 (LIT1) within KCNQ1 that was 
transcribed in the antisense orientation. KCNQ1OT1 codes for a very large (>80 kb) 
RNA that is expressed only from the paternal allele. Lee et al. (21) demonstrated 
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that 8/16 (50%) BWS patients show biallelic expression of KCNQ1OT1 whereas 21/36 
(58%) patients showed complete loss of maternal allele-specific methylation of a 
CpG island upstream of KCNQ1OT1. LOI of KCNQ1OT1 was not linked to LOI of IGF2 

(21).  

This CpG island has also been described by Smilinich et al. (46) and named 
potassium voltage differentially methylated region 1 (KvDMR1). The antisense RNA 

associated with this CpG island was called KvLQT1-AS. Demethylation of KvDMR1 
was seen in 5/12 BWS cases with normal H19 methylation, and in 4/4 cases with 
H19 hypermethylation the methylation pattern of KvDMR1 was conserved. 
Demethylation of KCNQ1OT1 is thus the most common genetic alteration in BWS.  

This study describes the methylation patterns of both KCNQ1OT1 and H19 in a 

large series of BWS patients. Clinical data were collected from all patients to 
ascertain the BWS diagnosis and to allow detection of a possible correlation 
between tumour risk and genotype. All patients were screened for CDKNIC 

mutations.  

Our results suggest that tumour risk is not associated with demethylation of 
KCNQ1OT1 but correlates with hypermethylation of H19. In contrast to findings of 

Lee et al. (21) and Smilinich et al. (46), partial demethylation of KCNQ1OT1 (LIT1) 
was seen in a large proportion of non-UPD BWS patients. In UPD patients, 
hypomethylation of KCNQ1OT1 correlates with the fraction of uniparental cells, as 
does the hypermethylation of H19. In all familial cases of BWS, hypomethylation of 

KCNQ1OT1 was found. In our population the incidence of CDKNIC mutations is low 
(<1%). 

RESULT 

Patient material 

In total, 115 patients who had been diagnosed with BWS were referred to our 
hospital for routine diagnostics. Clinical data were collected from 101 patients and, 
according to the data, the diagnosis BWS was re-examined (Table 1). Twenty-eight 
patients were classified EE when they met the very strict criteria of Elliot (5), i.e. 

three major features or two major features plus three or more minor features 
(major features, anterior abdominal wall defects, macroglossia and pre- and/or 
postnatal growth >90th centile; minor features, ear creases or pits, naevus 
flammeus, hypoglycaemia, nephromegaly and hemihypertrophy). Forty-five patients 

were classified ED when they met the less strict criteria of DeBaun (7), i.e. two or 
more of the five most common features (macroglossia, birth weight >90th 
percentile, hypoglycaemia in the first month of life, ear creases/pits and abdominal 
wall defects). Six patients had some of the clinical features of BWS but did not 
meet either the Elliot or the DeBaun criteria and were classified as D (doubtful). An 

additional 16 patients did not meet any of the major criteria and were classified as 
being non-BWS (N). No additional clinical data were available for three patients (T) 
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who developed a Wilms’ tumour. Three patients (Chrom.) had a chromosomal 
abnormality—a translocation on chromosome 11p15.5; no clinical data were 
available for the remaining 14 patients (X). The series includes four familial cases: 

unrelated patients of which one or more first-degree relatives show signs of BWS. In 
detail, the mother of B61 presented with ear creases whilst the brother of this 
patient presented with ear creases and macroglossia. The mother of B84 presented 
with macroglossia at birth. B89 had a sister with macroglossia and the grandmother 
of B135 had an umbilical hernia, macroglossia and ear creases whilst his father had 

macroglossia (>90th centile at birth). 

Table 1. Summary of the methylation data of all patients examined 

Patient 
groups 

No. of 
patients 

No. of 
tumours 

UPD 

 

H19      
hypermeth. 

KCNQ1OT1  
hypometh. 

BWS      

EE 28 5 5/28 (18%) 7/21 (33%) 13/17 (76%) 

ED 45  11/45 (24%) 9/43 (21%) 28/38 (74%) 

      

D 6  0/6 0/5 1/5 (20%) 

N 16  0/16 0/16 3/14 (21%) 

T 3 3 1/3 (33%) 3/3 (100%) 0/3 

Chrom. 3  0/2 0/1 – 

X 14  0/13 0/13 5/12 (42%) 

Total 115 8 17/113 19/102 50/89 

EE, meets criteria of Elliot; ED, meets criteria of DeBaun; D, does not meet either ED or EE 
criteria but has some signs of BWS; N, not BWS; T, patient developed WT, no further clinical 
data available; Chrom., chromosomal abonormalities; X, no clinical data available. 

CDKNIC mutations 

PCR followed by SSCP analysis was performed to screen 102 patients for 
mutations in CDKNIC. We detected a W50S mutation in only one patient (1%), which 
was inherited from the mother. The causal relation of this mutation and the BWS 
phenotype is unclear. 

Uniparental disomies 

For the detection of uniparental disomies we screened a series of polymorphic 
markers on 11p15. In a series of 113 patients, we detected 17 cases (15%) in which 
the cells had become disomic for the paternal chromosome (Table 1). These 
uniparental disomies were always present in a mosaic form, with the increase in 

paternal contribution varying from 37 to 90%. The smallest region of disomy ranges 
from D11S860 to D11S2071 (M. Alders, unpublished data).  

The overall risk in BWS patients for the development of childhood tumours in our 

population is 7.1% (8/113), which is in agreement with the 7.5% found in the 
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literature (1–7). Of the 17 UPD cases, three patients developed a Wilms’ tumour 
and one patient developed a hepatoblastoma, in total 4/17 (24%).  

Of the non-UPD cases, four patients developed a Wilms’ tumour, 4/96 (4%). 

Although the highest risk for the development of tumours is found in the UPD group, 
the non-UPD group still has an increased risk for malignancies in comparison with 
the general population. 

Methylation status of H19 

We analysed the methylation status of the differentially methylated SmaI site 
near the promoter of H19 by Southern blot analysis, as described by Reik et al. (47). 
To monitor complete digestion by SmaI we used an 800 bp fragment (SmaC) 
localized on chromosome 1p34.1–p35 as a control probe. This probe recognizes a 

non-methylated SmaI site (Fig. 2A).  

For each patient we calculated a methylation index (M.I.) as follows. The mean 
M.I. of a control group was 0.50 with a standard deviation (SD) of 0.03 (n = 22). 

Therefore, we set the borderline for hypermethylation at M.I.H19 0.56 (mean + 2 x 
SD).  

In 19 out of 102 (19%) patients we found hypermethylation of H19 (Table 1). If we 

limit the patient group to only those patients with confirmed clinical diagnosis, 
16/64 (25%) show hypermethylation of H19. This group includes all UPD cases of 
which H19 data were available.  

Childhood tumours were found in 5/19 (26%) of the patients with 

hypermethylation of H19 (two non-UPD and three UPD cases). All four familial BWS 
cases showed a normal methylation pattern for H19. 

Methylation status of KCNQ1OT1  

To examine the methylation status of KCNQ1OT1 we analysed a differentially 
methylated NotI site in the CpG island upstream of KCNQ1OT1 by Southern blotting. 
To monitor complete digestion by NotI we used an 800 bp fragment located on 
chromosome 1p36 (NotC) as a control probe (Fig. 2B). The M.I. was calculated in 
the same way as for H19.  

In a control group we obtained a mean M.I. of 0.51 with an SD of 0.025 (n = 20), 
therefore we set the borderline for hypomethylation of KCNQ1OT1 at M.I.KCNQ1OT1  
0.45 (mean – 2 x SD). 

Fifty out of the 89 (64%) patients analysed had a decreased M.I.KCNQ1OT1 (Table 1). 
If we limit the group to only those patients with confirmed clinical diagnosis, the 
percentage is even higher, 41/55 (75%). It is remarkable that of the patients with 

only minor clinical BWS features (Table 1, N and D), 4/19 display demethylation of 
KCNQ1OT1. The clinical data of these four patients are listed in Table 2. These 
patients do not comply with either the EE or ED criteria.  
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Figure 2. DNA methylation analysis of BWS patients, M.I. calculated methylation index (A) 
Southern blot of DNAs digested with PstI and SmaI and hybridized with an H19 PCR fragment 
and SmaC control probe. (B) Southern blot of DNAs digested with NotI and BamHI and 
hybridized with a KCNQ1OT1 PCR fragment and a NotC control probe. 

The degree of demethylation of KCNQ1OT1 varies from 10 to 100%. As would be 
expected, all UPD cases of which KCNQ1OT1 data are available had a decreased 
M.I.KCNQ1OT1. Of all the non-UPD patients with hypermethylation of H19, the M.I. of 
KCNQ1OT1 was normal, supporting the fact that these patients indeed do not have 
an imbalance in parental allelic contribution. 

Two out of 50 (4%) of the patients with a decreased M.I.KCNQ1OT1 developed a 
childhood tumour; both patients displayed UPD.  

But the most striking observation was that there were no tumours found in the 

non-UPD cases with hypomethylation of KCNQ1OT, reducing the tumour risk of this 
group to 0%. All four familial BWS cases show reduced methylation of KCNQ1OT1. 

Table 2. Clinical data of non-BWS patients with KCNQ1OT1 hypomethylation 

Patient Clinical features 

B 69 Macroglossia and naevus flammeus 

B 86 Hypotonia and increased birth weight 

B 94 
Increased birth weight and macroglossia, BWS phenotype had disappeared at 10 months 
of age 

B 120 Macroglossia, naevus flammeus and ear crease 
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Combined methylation analysis of KCNQ1OT1 and H19 

Table 3. Summary of the combined methylation data of KCNQ1OT1 and H19 

 Methylation status 

KCNQ1OT1  hypo normal hypo normal   

H19 hyper hyper normal normal   

Patient groups I II III IV UPD 
No. of 

tumours 

BWS group I 11/56 (20%)    11/11 3/11(27%) 

BWS group II  4/56 (7%)   0/4 2/4 (50%) 

BWS group III   31/56 (55%)  0/31 0/31 

BWS group IV    10/56 (18%) 0/10 2/10 (20%) 

D   1/5 (20%) 4/5 (80%) 0/5 0/5 

N   2/11 (18%) 9/11 (82%) 0/11 0/11 

X   4/10 (40%) 6/10 (60%) 0/10 0/10 

D, doubtful, does not meet EE or ED criteria but has some signs of BWS; N, not BWS; X, no 
clinical data available. 

We were able to perform both KCNQ1OT1 and H19 analysis in 56 patients. Based 
on the molecular data for these two genes, four different patient groups could be 
distinguished. A summary of the results is listed in Table 3. 

Group I: UPD resulting in an M.I.KCNQ1OT1 0.45 and M.I.H19 0.56. Eleven out of 56 

(20%) patients had an M.I.H19 0 .56 and M.I.KCNQ1OT1 0.45 (Table 4A). These were 

all UPD cases; the aberrant methylation pattern in this group was due to the 

presence of extra paternal material.  

Group II: methylation error of H19, resulting in an M.I.KCNQ1OT1 = 0.50 and M.I.H19 
0.56. Four out of 56 (7%) patients had an M.I.H19 0.56 but an M.I.KCNQ1OT1 = 0.50 
(Table 4B). All four patients in this group had no obvious evidence of UPD. Of these 

patients, 2/4 (50%) developed a Wilms’ tumour.  

Group III: methylation error of KCNQ1OT1, resulting in an M.I.H19 = 0.50 and 
M.I.KCNQ1OT1  0.45. Thirty-one out of 56 (55%) of the BWS patients display normal 

H19 methylation and hypomethylation of KCNQ1OT1 (Table 4C). None of these 
patients developed a tumour. In this group all four familial BWS cases are included, 
all displaying hypomethylation of KCNQ1OT1 and normal H19 methylation. 

Group IV: normal methylation pattern. Ten out of 56 (18%) of the BWS patients 

display normal methylation of H19 and also normal methylation of KCNQ1OT1 

(Table 4D). Of these patients, two (20%) developed a Wilms’ tumour. Both patients 
demonstrate classical features of BWS (weight at birth > P97, hemihypertrophy, 
macroglossia and nephromegaly). The patient with the CDKNIC mutation falls into 

this group, displaying normal methylation for both KCNQ1OT1 and H19. 
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Table 4. Methylation data of KCNQ1OT1 and H19 

A: Group I patients: hypomethylation of   D: Group III patients: hypomethylation of  

KCNQ1OT1 , hypermethylation of H19  KCNQ1OT1 , normal methylation of H19 

 Patient Class M.I.  M.I.  UPD   Patient Class M.I.  M.I.  

   KCNQ1OT1  H19      KCNQ1OT1  H19 

1 B 18 EE 0.12 0.83 90%  1 B17 EE 0.00 0.50 

2 B 45 EE 0.20 0.81 Yes  2 B20 EE 0.00 0.47 

3 B 55 EE 0.28 0.74 80%  3 B28 EB 0.00 0.55 

4 B 75 EE 0.30 0.69 58%  4 B53 EE 0.29 0.44 

5 B 136 EB 0.31 0.60 50%  5 B58 EB 0.23 0.46 

6 B 141 EE 0.21 0.81 90%  6 B61 EE 0.00 0.45 

7 B 144 T 0.14 0.87 90%  7 B66 EE 0.23 0.48 

8 B 149 EE 0.40 0.59 75%   8 B74 EE 0.00 0.48 

9 B 155 EB 0.30 0.65 70%   9 B83 EB 0.00 0.53 

10 B 160 EE 0.19 0.66 80%  10 B84 EE 0.23 0.54 

11 B 172 EE 0.17 0.82 90%  11 B89 EB 0.21 0.46 

  12 B104 EE 0.39 0.56 

B: Group II patients: normal methylation   13 B107 EE 0.09 0.46 

KCNQ1OT1 , hypermethylation of H19   14 B112 EE 0.15 0.53 

 Patient Class M.I.  M.I.    15 B115 EE 0.11 0.53 

   KCNQ1OT1  H19   16 B119 EE 0.10 0.52 

1 BW 1 T 0.48 0.77   17 B128 EE 0.08 0.52 

2 BW 9 T 0.51 0.64   18 B130 EE 0.12 0.51 

3 B 46 EE 0.50 0.73   19 B131 EB 0.24 0.53 

4 B 71 EE 0.51 0.90   20 B133 EE 0.14 0.54 

  21 B135 EE 0.00 0.50 

C: Group IV patients: normal methylation   22 B138 EB 0.36 0.53 

KCNQ1OT1 , normal methylation of H19   23 B142 EE 0.08 0.52 

 Patient Class M.I.  M.I.    24 B145 EB 0.14 0.53 

   KCNQ1OT1  H19   25 B146 EB 0.33 0.51 

1 B11 EE 0.50 0.50   26 B151 EE 0.03 0.51 

2 B12 EE 0.50 0.50   27 B152 EB 0.00 0.51 

3 B34 EE 0.59 0.50   28 B154 EB 0.00 0.50 

4 B37 EB 0.45 0.50   29 B159 EE 0.00 0.50 

5 B39 EE 0.48 0.50   30 B167 EE 0.25 0.48 

6 B51 EE 0.54 0.55   31 B168 EB 0.05 0.45 

7 B67 EE 0.49 0.49         

8 B105 EE 0.56 0.49         

9 B106 EE 0.50 0.49         

10 B156 EB 0.50 0.52         

             

A. Rows in bold, patients who developped tumour. EE meets criteria of Elliot; EB, meets criteria of 
DeBaun; T, developed tumour, no further clinical data available. B. Rows in bold, patients who 
developped tumour. EE, meats criteria of Elliot; EB, meets criteria of DeBau;n T, developed tumour, 
no further clinical data available. C. Rows in bold, familial case. EE, meets criteria of Elliot; EB, 
meets criteria of DeBaun. D. Rows in bold, patients who developed tumours. EE, meets criteria of 
Elliot; EB, meets criteria of DeBaun. 
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Statistical analysis 

UPD. To test the reliability of the method used to detect methylation defects we 
compared the percentage of uniparental cells with the methylation indices of 

KCNQ1OT1 and H19. In UPD patients the sum of M.I.KCNQ1OT1 and M.I.H19 is expected 
to equal 1, where M.I.H19 is expected to equal the fraction of UPD cells and 
M.I.KCNQ1OT1 is expected to equal (1 – the fraction of disomic cells).  

The methylation indices of KCNQ1OT1 and H19 do not differ significantly from the 

fraction of uniparental cells: t(1 – UPD + KCNQ1OT1 ) = 0.459 (P = 0.657) and t(UPD 
+ H19) = 1.666 (P = 0.130). The sum of M.I.KCNQ1OT1 and M.I.H19 does not differ from 1 
(t = 1.761; P = 0.109) 

The high P-value of the comparison of (1 – the fraction of disomic cells) and 

M.I.KCNQ1OT1 indicates that the method to measure the M.I. of KCNQ1OT1 is an 
accurate alternative for the standard method to calculate the fraction UPD cells.  

Tumour risk. The tumour incidence for patients with aberrant H19 methylation 

(5/15) is significantly different from patients with a normal H19 methylation 
pattern (2/41): Z = 2.85; P = 0.004. The difference in tumour incidence for patients 
with (3/42) and without (4/14) aberrant KCNQ1OT1 methylation is less significant: Z 

= 2.10; P = 0.036.  

Tumour incidence in the four groups (Table 3) was statistically different ( 2 = 
12.3; P = 0.006) but groups I, II and IV were similar ( 2 = 1.28; P = 0.527) and could 

therefore be pooled for further analysis. A comparison of tumour incidence of group 
III (0/31) and groups I, II and IV (7/25) showed a significant difference (Z = 3.15; P = 
0.002). The number of cases in this test is such that even when one tumour had 
occurred in group III the difference in tumour incidence would still have been 

identified as significant (at significance level of 0.01) with a power of 0.90. 

DISCUSSION 

At the molecular level (methylation studies) at least four patient categories can 

be identified. In addition, familial cases with aberrant methylation of KCNQ1OT1 

were found. Mutations in CDKNIC were only found in a single patient of Asian origin. 

Imbalance in parental allelic contribution 

Group I patients (20% of the patients) are all UPD cases. This group has a high risk 
of developing childhood neoplasias (27%). The increased paternal contribution of 

the genome results in hypermethylation of H19 and hypomethylation of KCNQ1OT1. 

We found 15% uniparental disomy cases in our patient population, which is 
consistent with other studies (1–6). Because of the imbalance in parental 
contribution to the genome of these patients, the methylation pattern of genes in 

the region will show the same imbalance. Since all UPD cases are of paternal origin, 
the excess of paternal contribution to the genome will result in a shift towards the 
paternal methylation status of all imprinted genes in the disomic region.  
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In our series, all UPD cases are mosaic and show only partial demethylation of 
KCNQ1OT1 and hypermethylation of H19, concordant with the expected character 
of UPD. UPD fraction and methylation indices of both genes do not differ. Aberrant 

methylation of both KCNQ1OT1 and H19 in group I patients is therefore a direct  

result of the over-representation of the paternal genome, rather than a result of an 
imprinting defect such as mutation of an imprinting centre (IC). 

In group I the M.I. of KCNQ1OT1 plus the M.I. of H19 do not differ from 1. This 
indicates that the method used to measure the methylation indices is very 
accurate.  

The smallest region of disomy (SRD) spans a large region on chromosome 11p15, at 
least from D11S2071 to D11S860 (unpublished data). The region encompasses all 
genes in BWSCR1 known to be involved in the BWS phenotype (CDKNIC, KCNQ1OT1, 

IGF2 and H19) but also other imprinted genes (TAPA1, TSSC3 and TSSC5) that may 
play a role in the aetiology of the syndrome.  

All patients in this group I meet the criteria of either Elliot or DeBaun and, hence, 

are very obvious BWS cases. Moreover, they have a high risk of developing 
childhood tumours. Therefore the region must contain at least one gene involved in 
the overgrowth phenotype and at least one gene involved in tumour development. 
IGF2 remains a strong candidate for both functions. Overexpression of Igf2 in mice 
results in an overgrowth phenotype resembling the BWS phenotype. Overexpression 

and LOI of IGF2 is reported in many tumour types (48). Transgenic mice 
overexpressing Igf2 with tissue-specific and temporally controlled promoters 
develop tumours. However, there is a latent period of at least a few months, 
indicating that additional events must occur before tumours arise (49, 50). Such an 

additional event might be the inactivation of a tumour suppressor gene located in 
the disomic region. 

Methylation defects of H19 

In group II patients (7% of all patients), hypermethylation of H19 is not due to an 
imbalance in parental contribution because these patients do not show UPD. The 

patients have a normal M.I. of KCNQ1OT1, limiting the region of aberrant 
methylation to the region containing H19. 

The increase in the M.I. of H19 must be caused by a mechanism that results in 

methylation of the normally unmethylated maternal copy of H19. The postulated 
BWSIC1 is thought to control the methylation of genes in this region. (51). The 
localization and the exact mechanism through which this centre exhibits its 
function are unknown but candidate regions in the mouse are a CpG site 
immediately upstream of H19 and the intergenic region between H19 and Igf2 (26).  

Reik et al. (52) demonstrated in fibroblasts the alteration of the imprinting 
pattern of IGF2 for patients with hypermethylation of H19. It is therefore likely that 
the imprinting control mechanism extends its action over a larger region 

surrounding H19, including IGF2 but excluding KCNQ1OT1. 
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Methylation defects of KCNQ1OT1 

In group III patients (55% of all patients), demethylation of KCNQ1OT1 must be 
caused by disruption of the mechanism that regulates the methylation of the 

maternal copy of KCNQ1OT1. In this group the normally methylated maternal copy 
of the gene is demethylated. KCNQ1OT1 methylation is under the control of a 
postulated BWSIC2, which might also control IGF2 and possibly CDKNIC imprinting 
(51). Lee et al., however, demonstrated that UPD of KCNQ1OT1 is independent of 
IGF2 imprinting (21), excluding IGF2 from the region that is controlled by BWSIC2.  

In a previous study, Lee et al. (21) demonstrated that for all patients that show 
LOI of KCNQ1OT1, demethylation of the maternal allele was always complete. They 
do not describe, however, whether their series includes any UPD patients. Smilinich 

et al. (46) analysed both UPD and non-UPD cases, and of six non-UPD cases, three 
showed complete demethylation of KCNQ1OT1 whereas the other three had a 
normal methylation pattern. This does not correspond to our findings: out of 40 
non-UPD patients with KCNQ1OT1 demethylation, only 11 show complete loss of 

methylation of the maternal allele; all others show partial demethylation. The high 
frequency of KCNQ1OT1 methylation defects without H19 methylation defects 
seems to contrast with the high frequency of aberrant IGF2 expression published by 
others. However, we have not studied the IGF2 expression directly.  

Tumour risk is associated with H19 methylation defects and not with 

KCNQ1OT1 methylation defects 

The difference in tumour incidence between group III, patients with aberrant 
methylation of KCNQ1OT1 and normal methylation of H19, and the other groups, 
clearly indicates that the tumour risk in group III is significantly lower then in the 

other groups. Tumour risk is therefore not associated with demethylation of 
KCNQ1OT1.  

However, the tumour incidence for patients with an increased M.I. of H19 (group I 

and II patients) is increased compared with patients with a normal M.I. of H19. 
Hypermethylation of H19 is therefore positively associated with tumour risk.  

This indicates that the postulated tumour suppressor gene must be located in the 

region associated with only group I and II patients, i.e. BWSIC1 

Dao et al. have already demonstrated that, in Wilms’ tumours, silencing by 
methylation is restricted to H19 (53). They also analysed other genes in the region 

(IPL, IMPT1, ZNF195 and KCNQ1OT1) but found no changes in methylation patterns 
in these genes. H19 was also hypermethylated in pre-neoplastic WT-associated 
kidneys where KCNQ1OT1 demethylation was not observed.  

Familial BWS cases 

All four familial cases in our series show demethylation of KCNQ1OT1 in the 

absence of a methylation defect at the H19 locus. In these familial cases the 
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transmitted genetic defect must be the inability to establish or maintain the 
maternal methylation pattern of KCNQ1OT1 on the maternal chromosome. 

In the families described in the literature, BWS is predominantly transmitted 

through females (54–57). Moutou et al. (56) described a lower penetrance and a 
milder phenotype for paternal transmittance of BWS. Viljoen and Ramesar (57) 
collated 27 kindred from the literature and in most families the mode of 

inheritance is sex related, i.e. the disease is transmitted through carrier males and 
females, but only in the offspring of female carriers do as many as 50% display the 
phenotype. 

Analogous to Angelman syndrome (AS), this might be due to the disruption of the 

paternal-to-maternal imprint switch (58–62) (Fig. 3). Prader–Willi syndrome (PWS) 
and AS result from molecular defects in chromosome region 15q11–q13 that cause 
loss of expression of paternally or maternally transcribed genes, respectively. In 
some PWS or AS families, small deletions or mutations in the ICs in this region 

prevent imprinting switching. Mutations in the AS-IC in a male ancestor prevent 
resetting of the paternal imprint in his (unaffected) daughters, causing AS in 50% of 
his grandchildren. Although in our cases the grandparental origin of the paternally 
imprinted maternal chromosome is not known, a similar mechanism could be 

involved. 

BWS patients without methylation defects in H19 and KCNQ1OT1 

In group IV patients (18% of all patients) no methylation defects in either 
KCNQ1OT1 or H19 were found. In view of the lack of reciprocity of H19 and IGF2 
imprinting found by Joyce et al. (20), it is possible that IGF2 is activated in an H19-

independent pathway. H19 silencing leads to IGF2 activation through either the 
enhancer-competition mechanism or the chromatin boundary model. Through this 
mechanism, overexpression of IGF2 would be causative for the BWS phenotype in 
this group of patients. 

Furthermore, it was demonstrated by Smilinich et al. (46) that patients with 
CDKNIC mutations show no aberrant methylation of KCNQ1OT1  or H19. The only 
patient in our series who displays a CDKNIC mutation does indeed have normal 

methylation patterns for both genes. Through the proposed interaction between 
CDKNIC and Igf2 in the mouse (40) mutations in CDKNIC could also lead to over-
expression of IGF2, and hence the BWS phenotype.  

Two patients in group IV developed a Wilms’ tumour, indicating that either of the 

proposed mechanisms can still include the inactivation of a tumour suppressor 
gene. 

In summary, we describe the analysis of BWS-associated molecular defects in a 

large series of patients. In the majority of BWS patients, methylation defects of 
KCNQ1OT1 and/or H19 were found. These include familial cases. In contrast with 
other studies, this hypo/hypermethylation of KCNQ1OT1 was often not complete. 
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Figure 3. IC mutation leading to blockage of maternal-to-paternal imprinting switch 
[adapted from Nicholls et al. (61)]. P, paternal; M, maternal 

Whenever UPD was seen, the change in methylation patterns correlated with the 
UPD. Tumours were seen only in patients with H19 hypermethylation or patients 
with no obvious genetic defects. No tumours were seen in patients with 
hypomethylation of KCNQ1OT1 only. Although the data strongly suggest that this 

latter category of patients has no increased tumour risk, more studies will be 
needed before a negative screening advice can be given.  

This study shows that methylation studies considerably improve the diagnostics 

for BWS patients compared with cytogenetic and UPD screening that have been 
used as diagnostic tools thus far. However, care should be taken that 
hypomethylation of KCNQ1OT1 was also found in patients demonstrating only part 
of the classical BWS phenotype. Therefore, this test might be applicable to a much 
larger group of patients.  

MATERIALS AND METHODS  

CDKNIC mutation analysis 

DNA was extracted from peripheral blood lymphocytes by using standard 

protocols. The complete cDNA sequence of the gene, except the PAPA repeat, was 
amplified in overlapping PCR fragments (primers listed in Table 5). PCR products 
were subsequently separated on a 12.5% non-denaturing polyacrylamide gel 
(Pharmacia Biotech) at 5 and 15°C and stained using the Silver Staining kit 

(Pharmacia Biotech). PCR fragments revealing an aberrant separation pattern were 
re-amplified from DNA and sequenced by the fluorescent dideoxy chain termination 
method on an ABI 377 (Applied Biosystems). 
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UPD screening 

The following probes were used for Southern blot analysis: p2.1 (37), pEJ6.6 
(HRAS) (38) and pHd3.2 (HBBC) (39). The CA-repeat markers D11S1318, D11S988 and 

TH were amplified from DNA by PCR as described in the Genome Database 
(http:\\www.gdb.org) with the use of Cy5 end-labelled primers. The fluorescence 
intensity of PCR products was subsequently measured on the ALFexpress 
electrophoresis system and analysed using ALF Fragment Manager software 
(Pharmacia Biotech).  

The percentage disomic cells was calculated as follows:  

 %UPD = [(p – m)/(p + m)] x 100% 

(p, intensity paternal allele; m, intensity maternal allele).  

Table 5. Primers used for CDKNIC mutation analysis and KCNQ1OT1  and H19 

methylation screening 

 Forward primer Reverse primer 

CDKNIC 1 ctacattatgctaatcgcgg aggagaggacagcgagaaga 

CDKNIC 2 gccctctcctcctctccttt cagctcctcgtggtccac 

CDKNIC 3 ccttcccagtactagtgcgc aggcggcagcgccccacctg 

CDKNIC 4 attacgacttccagcaggacatg ctggagccaggaccgggactg 

CDKNIC 5 ggcgcctcaagagagcgccgag ggggcgaaacaggccggccggccaggg 

CDKNIC 6 ctgtcgcccgcagatttc aggtgcgctgtactcacttg 

CDKNIC 7 ccgtgtccctctccaagc gccggttgctgctacatg 

KCNQ1OT1  ccaggtgagaggtagtggtagaagtc tctttgcattcctagagcaatcc 

NotC tgcatttattctttccgtcgccc tctgcgtttatgcccagctc 

H19 tagctcgaggcagggctggtg gactcacctgcccggcagctg 

SmaC ggagtaggggtggtttcag cagttactgcataccttgcac 

Methylation screening 

For Southern blot analysis, 11 g of genomic DNA was first digested overnight 
with a methylation-sensitive restriction enzyme (NotI for KCNQ1OT1 and SmaI for 
H19), precipitated and digested overnight with a second restriction enzyme (BamHI 
for KCNQ1OT1 and PstI for H19). DNA was separated on an agarose gel and 

transferred to a Hybond N+ membrane (Amersham). The membrane was 
subsequently hybridized with [ -32P]dCTP-labelled fragment using the random 
primed method. Hybridization was performed overnight in ExpresseHyb (Clontech) 
and the filters were washed in 2x SSC/0.1% SDS prior to exposure in a 
phosphorimager (Amersham). The imagequant program (Amersham) was used to 

measure the intensity of the radioactive bands.  

Probes were made by PCR (primers listed in Table 5). Completion of digestion of 
the methylation-sensitive enzyme was monitored by the use of a control probe 

(NotC for KCNQ1OT1  and SmaC for H19) that recognizes a non-methylated 
restriction site.  
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Statistical analysis 

T-tests were used to test the null hypothesis that M.I.KCNQ1OT1  + M.I.H19 = 1 (one-
sample test) and that M.I.H19 = the UPD fraction and M.I.KCNQ1OT1  = 1 – the UPD 

fraction (paired tests).  

Tumour incidences in four patient groups, based on the normal and/or aberrant 
methylation of KCNQ1OT1 and H19, were compared with a 2 test. Since groups I, II 

and IV showed similar incidences, these groups were pooled and the tumour 
incidence in this pooled group was compared with group III with a Z-test based on 
the normal approximation of the binomial distribution (63). 
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ABSTRACT 

Objectives: Patients with Beckwith-Wiedemann syndrome (BWS) have a risk of 7.5% 
to 10% of developing childhood tumors, 60% of which are Wilms' tumors. Aberrant 
methylation of two distinct clusters of imprinted genes on chromosome 11p15 is 
detected in 70% of BWS cases. Our aim was to determine associations between the 
imprinting status of both imprinting clusters (BWSIC1/2) and the tumor incidence 
and type. 

Study design: Methylation patterns of H19 and KCNQ1OT1 were collected in 114 
patients with BWS with a clinical diagnosis. The patients were followed until 5 years 
of age, and tumor incidence and type were registered. 

Results: A lower risk of developing childhood tumors was found among patients 
with a methylation defect limited to BWSIC2 compared with other patients with 
BWS. No Wilms' tumors were found in this group, whereas in patients with a 
methylation defect limited to BWSIC1 Wilms' tumor was the most common tumor. 

Conclusions: In addition to clinical factors indicative for a high tumor risk 
(hemihypertrophy, nephromegaly), methylation patterns discriminate between 
patients with BWS with a high and low tumor risk. It also is possible to predict 
whether they are at risk of developing a Wilms' tumor. Epigenotyping of patients is 
important to select the type of screening protocol to be proposed to these patients. 
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INTRODUCTION 

Beckwith-Wiedemann syndrome (BWS) is a congenital overgrowth condition, 
characterized by multiple features that are variably present. Children are often 
diagnosed by an increased birth weight in combination with the presence of a large 
tongue (macroglossia) and abdominal wall defects. Organomegaly and limb 
asymmetry, hemihypertrophy, also are often observed. 1-3 Patients with BWS have 

an increased risk of about 7.5% to 10% of developing childhood neoplasms. Wilms' 
tumor is the most common tumor found in patients with BWS (60% of all tumors), 
but other solid childhood tumors also are found.4-8 

All children with BWS are subjected to a strict and intense screening protocol to 

detect cancer in an early stage. In concordance with published screenings 
protocols,9,10 the Emma Children's Hospital in Amsterdam developed a Dutch 
screening program. It consists of ultrasonography examination of the abdomen 
every 3 months until 4 years of age, followed by screening every 4 months until 5 

years of age, and then screening every 6 months until 8 years of age. At the same 
time intervals, fetoprotein, elevated in hepatoblastoma, is measured until 4 years 
of age. Screening at these short intervals increased the number of stage I and II 
Wilms' tumors detected, hence favoring the outcome of children with BWS with 

malignant tumors. 11-14 

The genes involved in BWS are located on chromosome 11p15 and are subject to 
genomic imprinting. Within this region there are two imprinting domains, each 

controlled by its own imprinting center; BWS imprinting center 1 (BWSIC1, 
telomeric domain) and BWS imprinting center 2 (BWSIC2, centromeric domain). 16-17 
Imprinting defects affecting either one or both imprinting centers have been 
described in BWS.18-22 For diagnostic purposes, methylation patterns are established 
for the genes H19 in BWSIC1 and KCNQ1OT1 in BWSIC2. We regard the methylation 

of H19 as representative for the imprinting status of BWSIC1, although in some 
cases, imprinting of H19 and IGF2 is uncoupled. In addition, there are cases of 
KCNQ1OT1 and IGF2 loss of imprinting without H19 loss of imprinting. This study 
deals only with the correlation between aberrant methylation at BWSIC1/2 and 

tumor type and frequency. 

Based on methylation defects, patients with BWS can be divided into four groups. 
Group I patients (20%-25%) display aberrant methylation in both regions because of 

uniparental disomy (UPD). Group II patients (about 10%) have a methylation defect 
in BWSIC1, which results in hypermethylation of the maternal H19 allele. Group III 
patients (40%-50%) have a methylation defect in BWSIC2, which results in 
hypomethylation of the maternal allele of KCNQ1OT1. Group IV patients (about 
30%) have a normal methylation pattern of both regions. 19-22 In a small minority of 

patients (<5%) mutations in a cell-cycle regulator, CDKN1C, are found; these are 
included in group IV. 
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Clinical features associated with a high tumor risk are hemihypertrophy and 
nephromegaly. 4,5,15 In addition, methylation patterns might be useful in the further 
delineation of tumor risk in patients with BWS. The aim of this study is to 

investigate possible associations between the imprinting status of both imprinting 
clusters and the tumor incidence type. We expand our data with data already 
published by others to enlarge the number of patients in the methylation groups.76. 

SUBJECTS AND METHODS 

Patients were referred to either the Hôpital Trousseau in Paris (66 patients) or to 
the Academic Medical Centre in Amsterdam (48 patients) by pediatricians and 
geneticists. The patient group published in our previous study19 was included in the 
current study. Clinical examination of all patients was performed at least until 5 

years of age, and only patients meeting the criteria for BWS described in literature 
2,8 were included in this study. Patients <5 years of age were not included in our 
study because the 5-year follow-up period had not been completed. However, 
children with BWS who presented with a tumor before 5 years of age were included 

in the studies. 

Methylation indices of both H19 (BWSIC1) and KCNQ1OT1 (BWSIC2) were 
measured in blood lymphocytes as described before.19,20 

RESULTS 

The inclusion of patients with BWS <5 years of age who developed a tumor 
creates a bias in the patient population. Therefore, all tumor frequencies in this 

study are overestimated. The group consists of too many children with tumors (25% 
in our study vs 10% in the literature). However, this does not influence the 
distribution of the tumor type/risk within the various genetic groups. 

Among group I patients, the tumor incidence is 39% (9/23) (Table 1). We found 12 

tumors in these 9 patients; 5 patients developed a Wilms' tumor. A tumor frequency 
of 23% is observed among group IV patients (7/30). We found 9 tumors in these 7 
patients; 5 patients developed a Wilms' tumor. The patient in this group who 
developed a neuroblastoma carries a CDKN1C mutation. 

The 16 group II patients display a significantly (P = .0013) higher risk of 
developing tumors (10/16, 63%). The only tumor type found in this group is the 
Wilms' tumor (10/10). 

In contrast, among group III patients a significantly lower tumor risk (P = .0002) 
was found. Of 45 patients, only 2 patients developed a tumor (4%). One patient 
developed a hepatoblastoma, and one patient developed a thyroid carcinoma (at 14 

years of age). A thyroid carcinoma is not a classic BWS-associated tumor; this is the 
only case found in a patient with BWS. It is therefore possible that this tumor 
developed independently from the BWS phenotype. No Wilms' tumors were found in 
group III. 
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Table 1. Tumor risk versus methylation defect: results of this study 

 

 
* Ten tumors in 7 patients. One patient developed a neuroblastoma and Wilms' tumor, a 
second patient hepatoblastoma and leukemia, and a third patient a mammary adenoma (14 
years of age) and bilateral pheochromocytomas (19 years of age). † Three patients carried a 
CDKN1C mutation, and one of them developed a neuroblastoma.‡ Six tumors in 4 patients, 
bilateral pheochromocytoma described by E. L. T. van den Akker et al. Eur J Pediatr 
2002;161:157-60.§ Tumor frequencies were compared with the pooled tumor risk (28/114) 
with the log likelihood ratio test. 
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Table 2. Tumor risk versus methylation defect: combined results from this study 
and data from the literature21. and 22. 

 

WT, Wilms' tumor.* Tumor frequencies were compared with the pooled tumor risk (65/380) 
with the log likelihood ratio test.† Wilms' tumor frequencies were compared with the pooled 
Wilms' tumor frequency (30 WT/19 non-WT) with the log likelihood ratio test. 
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DISCUSSION 

Methylation data for BWSIC1 and BWSIC2 were taken from two additional studies21 

and 22. (Table 2), resulting in a total of 287 patients. These studies confirm our 
findings. The overall tumor frequency in this expanded group is 16%. Most likely, 

the patient population bias observed in our study also is present in the other 
studies. The results of a third study18 also confirm our findings. Engel et al found no 
association between BWSIC2 demethylation and tumors. Tumor frequencies in the 
BWSIC1-affected patients were equal to this study. However, we could not include 
these data in our statistical analyses because not all patients were screened for 

both methylation defects. 

Among patients with a methylation defect in BWSIC2 (group III), a tumor 
frequency of 6% was observed, which is significantly lower than the other patients 

with BWS (P < .0001). None of the tumors found in this group are Wilms' tumors, 
which is different from the other groups (P = .0003). It must be noted that 5 of the 
8 group III patients with a tumor are found in the study of Weksberg et al. However, 
as in our study, none of the tumors are Wilms' tumors. DeBaun et al report a group 
III patient with a tumor, however, the type is unknown.21 

A significantly higher tumor frequency of 52% is found in patients with a 
methylation defect in BWSIC1 (P = .0003). In this group exclusively, Wilms' tumors 
are found (11/11), which is significantly higher than in the other groups (P = .0010). 

The observation that no Wilms' tumors are found among group III patients whereas 
it is the only tumor found among group II patients indicates that at least one gene 
involved in the aetiology of Wilms' tumor is distinct from the genes involved in 

other tumors associated with BWS. Demethylation of KCNQ1OT1 is associated with 
tumor types that are found in patients with BWS in a much lower frequency than 
Wilms' tumors. 

Based on methylation patterns, it is possible to discriminate between patients 

with BWS with a high and low tumor risk. It also is possible to predict whether they 
are at risk of developing a Wilms' tumor. Epigenotyping of patients is important to 
select the type of screening protocol to be proposed to these patients. 
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ABSTRACT 

Objectives: To investigate whether epigenotyping of patients with isolated 
hemihyperplasia (IH) can, analogous to genetic screening of patients with Beckwith-
Wiedemann syndrome, be used for the prediction of tumor risk and tumor type of 
individual patients. 

Study design: Methylation analysis of H19 and KCNQ1OT1 of 73 patients. 

Questionnaires were sent to referring clinicians. 

Results: In 75% of the clinically confirmed patients with IH no epigenetic defect was 

detected. Paternal uniparental disomy was found in 15%, demethylation of 
KCNQ1OT1 in only 6%, and hypermethylation of H19 in 3% of isolated 
hemihyperplasia cases. Ten percent of the patients with IH had development of a 
childhood tumor associated with paternal uniparental disomy (2/8) or no 

methylation defect (2/30). No genetic defect was detected in 10 of 14 additional 
patients with cancer with IH. In these latter patients, a methylation defect of H19 
was seen 3 times and a paternal uniparental disomy once. The female-to-male ratio 
was 6:1. 

Conclusions: Aberrant methylation of the 11p15 region is not common in patients 
with IH and can at present not be used for tumor risk determination. 
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INTRODUCTION 

Hemihyperplasia, also called hemihypertrophy (HH), is a congenital abnormality 
characterized by asymmetric growth of the limbs, trunk, face, or the entire body. 
HH has a heterogeneous cause: in its isolated form it is called idiopathic or isolated 

hemihyperplasia (IH [MIM 235000]),1 but HH is often associated with various 
syndromes such as Beckwith-Wiedemann syndrome (BWS [MIM130650]),1 Klippel-

Trenaunay-Weber syndrome (KTWS [MIM149000]),1 Silver-Russell syndrome (SRS 
[MIM 180860]), or Proteus syndrome (MIM 176920).1 The incidence of IH has been 
reported to be approximately 1:13,000 to 1:86,000 live births.2 

A genetic cause of IH was first described by Martin et al3 in 2005. In 8/27 (30%) 

patients with IH, abnormal methylation profiles were found in 2 genes (KCNQ1OT1 
and H19) in 2 distinct imprinted regions on chromosome 11p15. Genes that are 
subject to imprinting are expressed from 1 chromosome only. The gene on the 
homologous chromosome is silenced by methylation of CpG nucleotides. 

KCNQ1OT1 and H19 are both antisense transcripts; they do not code for a protein 
but regulate expression of other genes nearby. One of the genes regulated by these 
transcripts is IGF2, a growth factor expressed only in the embryo. Mice 

overexpressing IGF2 have a large birth weight.4 KCNQ1OT1 and H19 are imprinted in 
the opposite direction: KCNQ1OT1 is methylated on the maternal allele and 
expressed from the paternal allele, whereas H19 is methylated on the paternal 
allele and expressed from the maternal allele. 

Patients with both IH and BWS have an increased risk for the development of 
childhood tumors compared with the incidence in the general population (0.17%). In 
patients with IH, a total of 10 tumors developed in 9 patients (5.9%), 4 unilateral 

Wilms tumors (WT), 2 bilateral WTs, 2 adrenal cell carcinomas, 1 hepatoblastoma, 
and 1 leiomyosarcoma(i). All tumors developed before the age of 5 years. 

Patients with BWS have an increased tumor risk of 7.5% to 10%.5 In a review of 

278 patients with BWS,6 we demonstrated that the different genetic subgroups 
differ in their relative tumor risk and the type of tumor that develops. 

Patients with BWS with a methylation defect of H19 have a very high risk for 

development of a childhood tumor, and these are uniquely Wilms tumors. Patients 
with a methylation defect of KCNQ1OT1 have a low tumor risk, and Wilms tumors 
never develop in these patients. Patients with paternal uniparental disomy (pUPD) 
and without detectable defect on chromosome 11p15 have an intermediate tumor 
risk; both Wilms' tumors and other childhood tumor are found in these patients. 

Epigenotyping can therefore be used to estimate the tumor risk and predict the 
tumor type of individual patients with BWS. 

The question arises whether epigenotyping can concordantly be used for the 

delineation of the tumor risk of individual patients with IH. Can patients with IH be 
considered as patients with BWS with a mild phenotype and is it possible to 
determine the tumor risk of individual patients with IH on the same epigenetic basis 
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as patients with BWS? IH might, however, be a distinct phenotype with a distinct 
distribution of tumor risk and tumor type over the different epigenetic subgroups. 
At last, IH might (in part) be caused by completely different, hitherto unknown, 

genetic defects. To answer these questions, we collected clinical and epigenetic 
data on 74 patients referred to our DNA diagnostic laboratory for methylation 
screening. 

METHODS 

Patients 

This study included individuals with IH who were referred for clinical assessment 
or molecular studies by pediatricians or clinical geneticists in the Netherlands. The 
study was approved by the medical ethics committee of our hospital. Either all 

patients were examined by a clinical geneticist, or a checklist with clinical findings 
possibly related to IH was completed by referring pediatricians and clinical 
geneticists for each patient. Blood samples from all patients were sent to our 
laboratory for molecular analysis. 

Two independent clinical geneticists with expertise in evaluating children with 
syndromes reviewed all records. Classification of IH was independent from the 
results of genetic analysis. When possible, updates were collected on the 

development of childhood tumors. None of these patients were born after in vitro 
fertilization procedures. 

To compare the epigenetic distribution of patients with BWS and IH, we used 

methylation data of 110 patients with BWS who were referred to our laboratory for 
diagnostic testing. All patients met the clinical criteria for BWS. The patients were 
grouped according to the presence of HH, BWS+HH (BWS patients with HH), and 
BWS HH (BWS patients without HH). 

In the study on malformation syndromes found among patients with cancer 

performed by Merks et al,7 14 patients presented with HH. Methylation analysis was 
performed in our laboratory on 13 patients. Three patients (HT1, HT7, and HT9 in 
Appendix 2; available at www.jpeds.com) were referred to our laboratory for 

diagnostic testing before the start of their study. One additional patient was 
included after the publication of the study (HT 14). In total we present methylation 
data on 14 patients with cancer with IH. Detailed clinical data of these patients are 
presented here, in combination with results of epigenetic profiling. 

Sample analysis 

Methylation analysis was performed with standard Southern blotting, and pUPD 
was analyzed with CA repeat markers as described previously.8 We compared the 
distribution of patients over the 3 epigenetic profiles (pUPD, hypermethylation of 
H19, and demethylation of KCNQ1OT1) and the female-to-male ratio by use of the 

2 test (P < .05 was considered statistically significant). 
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RESULTS 

Clinical data were available for 73 patients with HH that were referred to our 
hospital for diagnostic testing. Detailed clinical data are listed in Appendix 1 
(available at www.jpeds.com) and summarized in Table 1. 

Table 1. Overview of epigenetic data and clinical classification of 74 patients with 
HH and 14 patients with cancer with IH  

Patients Total 
pUPD  

(H19  and 
KCNQ1OT1 ) 

BWSIC1 
(H19 ) 

BWSIC2 
(KCNQ1OT1 ) 

No methylation 
defect 

HH+ 3 0 0 0 3 

SRS 6  6 H19    

BWS  14 2 1 3 8 

Other syndrome 3 0 0 0 3 

IH (percentage) 47 8 (17%) 3 (6%) 1 (2%) 35 (74%) 

Tumors in this study* 
4/41 

(10%) 
2  WT (2/8) (0/2) (0/1) 

1  RMS 

1  NB (2/30) 

Control BWS population 
(percentage) 

110 29 (26%) 
11 

(10%) 
51 (46%) 19 (17%) 

Epigenetic distribution of 
cancer patients with 
hemihyperplasia 

14     

No of cancer patients 14 1 (7%) 3 (21%) 0 (0%) 10 (72%) 

Tumor type in cancer 
patients with IH 

14 1  bWT 
2  WT 

1  RMS 
0 

7  WT 

1  RMS 

1  NB 

1  sacrococcygeal 
teratoma 

BWSIC1, Beckwith Wiedemann Imprinting Centre 1; BWSIC2, Beckwith Wiedemann Imprinting 
Centre 2; HH+, hemihyperplasia with other, not BWS related, features; BWS , IH patients 
with one or more additional signs of BWS but not meeting the clinical criteria; bWT, bilateral 
Wilms tumor.; *Data available on 41 patients older than 5 years. 

Forty-seven patients were classified as patients with IH. In 16 of these patients, a 
maximum of 1 finding typical for BWS was present. Birth weight was increased in 8 

patients. Nephromegaly was present in 4 cases. In all cases the enlarged kidney was 
present in the hyperplastic side of the body. One patient presented with 
nephroblastomatosis at the age of 1 year. Three patients had nevus flammeus (6%). 
One patient was diagnosed with transient neonatal hypoglycemia. 

Three patients showed anomalies in addition to HH, indicating the presence of a 
syndrome other than BWS. Six patients showed hypomethylation of H19. The 
hyperplasia was reclassified as hypoplasia as part of the SRS. These patients were 

described elsewhere.9 Fourteen patients presented more than 1 additional finding 
typical for BWS but did not meet the criteria described by DeBaun and Tucker.10 



4 Tumour risk IH 

 

66 

Three patients displayed other unexplained anomalies; they were classified as HH+ 
patients. 

Of the control population of 110 patients with BWS, 54 patients had HH 

(BWS+HH), and 56 patients showed no HH (BWS HH). The epigenetic profiles of the 
47 patients with IH in this study are summarized in Table 1. Thirty-five patients 
(74%) showed no epigenetic defect on chromosome 11p15. In the group with 

epigenetic alterations, pUPD 11p15 was the most frequently observed defect. In our 
study of 41 patients with an age of more than 5 years, 4 patients (10%) had a tumor 
develop. 

Detailed clinical data of 14 patients with cancer with IH described by Merks et al7 

are presented in Appendix 2 (available at www.jpeds.com) and summarized in 
Table 2. One patient exhibits 1 minor feature associated with BWS, inguinal hernia, 
but did not meet the BWS criteria. One patient was mentally retarded. No specific 
association, apart from IH, between a phenotypic abnormality and tumor 

development could be detected. 

Table 2.Female-to-male distribution and sidedness of hemihyperplasia and tumor 

Patients F:M 
WT tumor  

L>R R>L
†
 1 extremity >1 extremity 

IH Patients for 
diagnostic testing 

25:22 – 20 20 17 24 

Cancer patients with IH 12:2 
4 ipsilateral 

4 contralateral 
8 5 7 8 

L, left; R, right; F, female; M, male.*Two patients had development of a hepatoblastoma, 1 
patient showed contralateral hyperplasia, 1 had development of a bilateral tumor, and 2 
patients had development of a midline tumor; † One patient showed contralateral 
hyperplasia. 

We established the methylation status of these patients (Table 1). Most tumors 

were found in patients with no methylation defect. 

Of the patients with IH in this study, the female-to-male ratio was 1.14:1 (25 
females, 22 males). This is not significantly different from the normal population 

(P = .66). In contrast, in the group of patients with cancer with IH there is a 
significantly (P = .008) increased female-to-male ratio of 6:1 (12 females, 2 males). 
In the 1073 patients with cancer in the study by Merks et al,7 the female-to-male 
ratio was 0.88:1. 

The side of the hyperplasia was known in 40 patients with IH who were referred 

to our hospital for epigenetic screening. There was an equal ratio between right 
and left sidedness (20:20). Of the patients with cancer with IH, the side where the 
tumor developed and the hyperplastic side were known in all cases. In this patient 

group, the sidedness of the HH is slightly in favor of the left side (8:5). One might 
expect the tumor to develop on the HH side of the body. This is not the case; of the 
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9 unilateral WTs, 4 developed ipsilateral and 4 developed contralateral (one patient 
with WT showed HH of the right breast and left leg). 

A degree of hyperplasia is difficult to establish. The difference between normal 

and hyperplastic body regions varies during life, and no data were available on 
differences in circumference or weight of the affected versus the unaffected 
tissues. An indication of the extent of overgrowth is the number of body parts 

involved. Of 41 patients with IH, details were available on the body parts involved; 
in 17 patients only one extremity was hyperplastic, and in 24 patients more than 1 
body region was involved. This did not differ significantly (P = .68) from the 
patients with cancer with IH, whereas in 6 patients only 1 extremity was involved, 
and in 8 patients more than 1 body region was affected. 

DISCUSSION 

HH can be considered a mosaic form of overgrowth and might be caused by 
mosaic genetic defects. Indeed, pUPD is always found in a mosaic form, and 

enlarged organs consist of a larger proportion of disomic cells. Methylation 
patterns, for diagnostic purposes, are established in blood lymphocytes and not in 
the hyperplastic tissues. Shuman et al11 postulate that in a part of the unexplained 
IH cases, pUPD is present only in hyperplastic tissue and therefore not detected in 

blood by routine diagnostic testing. Recently, methylation patterns in different 
tissues of a patient with BWS were studied by Itoh et al.12 They showed that the 
proportion of cells with pUPD correlates with organ enlargement in BWS. However, 
pUPD could also be detected in a lower percentage in blood lymphocytes and would 
therefore also have been diagnosed by routine testing. In the study by Itoh et al,12 

the degree of disomic cells was high (40% to 50%). When pUPD is present in only a 
small percentage of cells, it might have been missed in lymphocytes. 

Analogous to pUPD, isolated methylation defects of H19, or KCNQ1OT1 found in 

patients with IH are never complete. The defect is present in a mosaic form. It is 
possible that the proportion of aberrantly methylated cells is higher in enlarged 
organs. It is difficult to obtain different tissues from children with hyperplasia, and, 
until recently, the detection of small aberrations in methylation patterns still 

required large amounts of DNA. 

Another possible explanation for absence of methylation defects in most patients 
with IH might be that HH is associated with a variety of syndromes and that 

patients with IH present a mild form of any of these syndromes. The phenotype of 
BWS is very variable, and only patients with multiple features meet the criteria for 
BWS. Consequently, part of the patients with IH might be regarded as having a mild 
form of BWS. In these patients, a distribution of the methylation defects similar to 
BWS would be expected. Furthermore, in 20% of patients with BWS, the genetic 

defect is unknown. Because the distribution of epigenetic changes in patients with 
IH and BWS is quite different, the mechanism causing BWS in these latter patients 
might also be responsible for IH in a larger part of the patients with IH. 
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However, HH is also found in other syndromes, such as Klippel-Trenaunay-Weber 
syndrome (KTWS) and Proteus syndrome, and IH might also represent mild forms of 
these syndromes. The exact genetic defect of KTWS is unknown, but mutations in 

PTEN have been described in some patients with Proteus syndrome. Thirteen of 14 
patients with cancer with IH in this study have been screened for mutations in 
PTEN, but no mutations were found. Six patients with IH presenting with prenatal 
overgrowth have been screened for GPC3 mutations; no mutations were found (data 
not shown). 

Among patients with BWS, demethylation of KCNQ1OT1 is the most common 
genetic aberration found. This is not the case among patients with IH. Methylation 
profiles of patients with IH and BWS with (BWS+HH) and without IH (BWS HH) are 

compared in Table 3. The most common genetic defect found among patients with 
IH is pUPD. It was found in 61% of patients with a genetic defect. In contrast, the 
most common genetic defect found among patients with BWS is demethylation of 
KCNQ1OT1, which is found in 44% of patients with BWS with HH and in 67% of 

patients with BWS without HH. There was no significant difference (P = .214) 
between the genetic distribution of patients with IH and patients with BWS and HH. 
The population with IH, however, differed significantly from the population with 
BWS-HH (P = .002) because of over-representation of patients with pUPD in the 
group with IH and a shift toward KCNQ1OT1 demethylation among the patients with 

BWS-HH. This confirms previous reports[13] and [14] that pUPD is associated with 
hemihyperplasia. Analogous to BWS, patients with IH have an increased risk for 
development of childhood tumors. 

In 2005 we reviewed epigenetic and tumor data in 278 patients with BWS 

described in the literature.6 Data are summarized in the Figure, A. The patient 
populations in the reviewed articles all show a bias because of overrepresentation 
of patients with cancer for research purposes. The overall tumor risk in the review 

is 26%, compared with the estimated risk of 7.5% to 10% for patients with BWS. 

The tumor risk of patients with BWS with KCNQ1OT demethylation is relatively 
low. WT has never been detected in this group. Patients with pUPD represent 20% 

of patients with BWS and have a tumor risk of 36%; both WT and other childhood 
tumors are found. Patients showing hypermethylation of H19 have the highest risk 
for development of cancer. They represent 10% of the patients with BWS and have a 
tumor risk of 50%; only WT is found among these patients. The remaining 20% have 
no detectable methylation defect but still have an increased tumor risk of 22%; 

both WT and other childhood tumors are found. 

On the basis of these data, it is possible to delineate tumor risk for the different 
epigenetic subgroups. Scott et al15 propose preventive screening of all patients with 

a tumor risk higher than 5%. Patients with isolated demethylation of KCNQ1OT1, the 
largest epigenetic subgroup representing 50% of patients with BWS, are therefore 
exempted from preventive screening. 
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Table 3. Overview of epigenetic data of patients with IH and patients with cancer 
with IH (included data from literature)[3] and [11] 

 Total 
pUPD    

(H19  and 
KCNQ1OT1 ) 

BWSIC1 
(H19 ) 

BWSIC2 
(KCNQ1OT1 ) 

No 
methylation 

defect 

IH Patients for diagnostic testing 

IH patients in this study 47 8 (17%) 3 (6%) 1 (2%) 35 (74%) 

IH patients (combined with 
literature) 

125 19 (15%) 4 (3%) 8 (6%) 94 (75%) 

IH Patients with a methylation defect only 

IH patients (combined with 
literature) 

31 19 (61%) 4 (13%) 8 (25%) — 

Control BWS+ HH patients 45 18 (40%) 7 (16%) 20 (44%) — 

Control BWS HH patients 46 11 (24%) 4 (9%) 31 (67%) — 

Tumor risk of IH patients 

Tumors in IH patients in this 
study 

4/41  
(10%) 

2  WT (2/8) (0/2) (0/1) 
1 x RMS      
1 x NBL 
 (2/30) 

Tumors in IH patients (combined 
with literature) 

14/119
  (12%) 

6/19 (32%) 
0/3 
 (0%) 

0/8 (0%) 9/89 (10%) 

Epigenotype and tumor type of cancer patients with IH 

Cancer patients in this study  14 1  WT 
2  WT 

1  RMS 
0 

8  WT       
1 x RMS 

1  NBL 

Cancer patients (combined with 
literature) 

29 3 (10%) 4 (14%) 0 22 (75%) 

BWSIC1, Beckwith Wiedemann Imprinting Centre 1; BWSIC2, Beckwith Wiedemann Imprinting 
Centre 2; BWT, bilateral Wilms tumor. 

Data on tumor risk in different epigenetic subgroups in patients with IH are less 
abundantly available. We reviewed the literature and combined our data with the 

data presented by Martin et al3 and Shuman et al11 on a total of 125 patients with IH 
in a first attempt to delineate the tumor risk in patients with IH. 

In our study, 41/47 patients with IH were more than 5 years old; of these, 4 (10%) 

had a tumor develop. This is comparable to the risk that is found in the study by 
Hoyme et al.2 Two patients with a tumor showed pUPD (2/8); they had 
development of a WT. Two other patients with a tumor did not show a methylation 
defect (2/30); one had a rhabdomyosarcoma develop and one a neuroblastoma. 

No tumors were found in the patients with hypermethylation of H19 (0/2) and 

demethylation of KCNQ1OT1 (0/1). In the study by Martin et al,3 methylation data 
were presented on 27 patients with IH. One patient had a tumor develop. This 
patient showed no methylation defect, but the tumor type is unknown (Martin RA, 

personal communication, 2005). Shuman et al11 presented data on 51 patients with 
IH, of which 10 (20%) had a tumor develop. Four patients with a pUPD (4/8) had
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Figure 1A. Epigenotype and tumor risk of 278 patients with BWS. 

 

 

 

 

Figuur 1B. Epigenotype and tumor risk of 125 patients with IH. 
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development of a tumor (3 hepatoblastomas, 1 WT). Six patients with no 
detectable defect (6/40) had a tumor develop (3 WT, 1 NB, 1 adrenal cell 
carcinomas). There were no patients with hypermethylation of H19, and no tumors 

were found among patients with demethylation of KCNQ1OT1 (0/3). Data from our 
study and the literature are combined and shown in the Figure 1B. 

Including the study by Niemitz et al,16 data are available on 29 patients with 

cancer with IH. Comparable with the general IH cohort, most showed no 
methylation defects on chromosome 11p15. Four of 29 patients showed 
hypermethylation of H19. This demonstrates that patients with this methylation 
profile can develop tumors, although in the general IH cohort none of the IH 
patients with this profile developed a tumor. Demethylation of KCNQ1OT1 was not 

found among patients with cancer, but this defect is found in only a minority of 
patients with IH (6% [8/125]). A remarkable finding is the female 
overrepresentation in our cancer cohort (12:2), for which we have no explanation. 
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Appendix - Appendix I. Epigenetic and clinical details of 73 patients with HH 
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HH+, hemihyperplasia with other, not BWS related, features; BWS , IH patients with one or 
more additional signs of BWS but not meeting the clinical criteria; M, male; F, female; MI, 
methylation index; bWT, bilateral Wilms tumor; U, unknown; nd, not done; +, present; , 
absent; >P97, Birth weight above 97 percentile.1. nephrocalcinosis - 2. 1st year 
nephroblastoma - 3. hepatomegaly but HH on right side of the body  - * Also in study by Merks 
et al.7 
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Appendix II. Epigenetic and clinical detail of 14 patients with cancer with IH 

 

HT, Hemihypertrophy and tumor; bWT, bilateral Wilms tumor; L, left; R, right; b, bilateral; 
F, female; M, male; MI, methylation index. 
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ABSTRACT 

The H19 differentially methylated region (DMR) controls the allele-specific 
expression of both the imprinted H19 tumor-suppressor gene and the IGF2 growth 
factor. Hypermethylation of this DMR—and subsequently of the H19 promoter 
region—is a major cause of the clinical features of gigantism and/or asymmetry 
seen in Beckwith-Wiedemann syndrome or in isolated hemihypertrophy. Here, we 

report a series of patients with hypomethylation of the H19 locus. Their main 
clinical features of asymmetry and growth retardation are the opposite of those 
seen in patients with hypermethylation of this region. In addition, we show that 
complete hypomethylation of the H19 promoter is found in two of three patients 
with the full clinical spectrum of Silver-Russell syndrome. This syndrome is also 

characterized by growth retardation and asymmetry, among other clinical features. 
We conclude that patients with these clinical features should be analyzed for H19 
hypomethylation. 
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INTRODUCTION 

Silver-Russell syndrome (SRS [MIM 180860]) is a clinically heterogeneous 
syndrome, first described by Silver et al. (1953) and Russell (1954). Diagnosis can be 
difficult, and at least four of the following criteria should be present: intrauterine 
growth retardation (IUGR), poor postnatal growth, relatively normal head 
circumference, classic facial phenotype, and asymmetry (Price et al. 1999). At the 

genetic level, the syndrome is heterogeneous: although mostly sporadic, in familial 
cases, the syndrome can be transmitted in an autosomal dominant, autosomal 
recessive, and/or X-linked dominant way (Duncan et al. 1990; Teebi 1992; Al-Fifi et 
al. 1996; Ounap et al. 2004). In most patients, the molecular pathology of SRS is 
unknown; however, abnormalities have been described for chromosome 7 

(especially maternal uniparental disomy [mUPD], in 10% of cases) (Monk et al. 
2002). Although, in general, complete mUPD 7 is found in these cases, a single case 
was reported with a partial mUPD 7q31-qter (Hannula et al. 2001). Analysis of genes 
in this region did not lead to the identification of a candidate gene involved in the 

syndrome. Various other chromosomal abnormalities have been described, including 
trisomy 1q32.1-q42.1 (van Haelst et al. 2002), deletion of chromosome 15q or ring 
chromosome 15 (Rogan et al. 1996), 18p  (Christensen and Nielsen 1978), 
translocations involving breakpoints 17q25 (Ramirez-Duenas et al. 1992) and 17q23–
24 (Dorr et al. 2001), and, finally, a paternally inherited deletion of the CSH1 gene 

at chromosome 17q22-24 (Eggermann et al. 1998). 

In 2002, Fisher et al. (2002) reported three patients with a phenotype that 
includes growth retardation. These patients presented with maternal duplications 

of chromosome 11p15. In 2005, Eggermann et al. (2005) described two patients 
with maternal duplications of 11p15 and SRS. Recently, Gicquel and coworkers 
(2005) published a series of patients with SRS who had hypomethylation of the H19 
region at 11p15 (MIM 103280). 

The 11p15 region is also associated with the Beckwith-Wiedemann syndrome (BWS 
[MIM 130650]), characterized by macroglossia, omphalocele, fetal gigantism, and 
other abnormalities, including various childhood tumors (DeBaun et al. 2002). In 

many cases, the overgrowth is asymmetric, producing hemihypertrophy, which is 
probably more accurately termed “hemihyperplasia.” The syndrome can be caused 
by various molecular defects, which lead to altered expression of imprinted genes 
on chromosome 11p15, including H19 and IGF2 (MIM 147470) (Bliek et al. 2001) (fig. 
1a). Given the opposite phenotypes of SRS and BWS, Chitayat et al. hypothesized, 

as long ago as 1988, that the growth abnormality and asymmetry in both disorders 
might be caused by disregulation of the same gene (Chitayat et al. 1988). Here, we 
report support for that hypothesis from a series of patients with H19 
hypomethylation and clinical features ranging from isolated asymmetry to the full 
clinical spectrum of SRS. 
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Figure 1 a. Schematic representation of the H19/IGF2 region of chromosome 11p15. Probe 1 
is the deletion detection probe, probe 2, the promoter methylation detection probe. CTCF-
binding sites within the DMR are indicated by blackened circles. b, Results of the H19 probe2 
hybridization. MI p methylation index. c, Results of the KCNQ1OT1 hybridization. d, Results 
of the H19 probe 1 hybridization. P1–P9 are the patients described in this study; C1 and C2 
are normal controls; H1 and H2 are patients with hemihypertrophy and hypermethylation of 
H19. ND p not determined.

MATERIAL AND METHODS 

Methylation and deletion studies 

Methylation indices of both H19 and KCNQ1OT1 (MIM 604115) were measured in 
blood lymphocytes as described elsewhere (Bliek et al. 2001). In brief, DNA was 

digested overnight with a methylation-sensitive restriction enzyme (NotI for 
KCNQ1OT1 and SmaI for the H19 promoter), was precipitated, and was digested 
overnight with a second restriction enzyme (BamHI for KCNQ1OT1 and PstI for H19). 
Completion of digestion of the methylation-sensitive enzyme was monitored by the 
use of control probes that recognize the nonmethylated restriction site. After 

Southern blotting, the filters were hybridized with the probes listed below. 
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Hybridization was measured in a phosphoimager (Amersham). The Imagequant 
program (Amersham) was used to measure the intensity of the radioactive bands. 
The mean methylation index (intensity of the measured band divided by the 

intensity of both bands) (±SD) for control individuals for H19 is 0.5 (±0.03) and for 
KCNQ1OT1 is 0.51 (±0.025). Normal methylation was defined as the mean ±2 SD. 

Deletion studies were performed on patient DNA digested with ApaI. After 

Southern blotting, the filter was hybridized with the following probes and primer 
sets: deletion detection probe (probe 1 in fig. 1a), forward 5 -ATTTCCTGAGTC-
TCCCCTTGG-3  and reverse 5 -TCGGCAAACCCTCTGTTCC-3 ; methylation detection 
probe (in first exon of H19) (probe 2 in fig. 1a), forward 5 -GTGGGAG-
CCAAGGAGCACCTTGGACATCTG-3  and reverse 5 -TCCTGGTGACGTCCTGCTGCAAC-

TCCCCGA-3 ; and methylation detection probe (KCNQ1OT1), forward 5 -CCAGG-
TGAGAGGTAGTGGTAGAAGTC-3  and reverse 5 -TCTTTGCATTCCTAGAGCAATCC-3 . 

UPD analyses 

DNA containing CA repeats was amplified using standard PCR methods. Markers 

were taken from the ABI PRISM Linkage Mapping Sets version 2.5 kit or were 
retrieved from the National Center for Biotechnology Information Web site. The 
PCR was done with Cy5-dCTP, and the fragments were analyzed by polyacrylamide 
gel electrophoresis with ALFexpress (Amersham Pharmacia). The PCR products 
generated with the ABI PRISM Linkage Mapping Sets version 2.5 kit were analyzed by 

capillary electrophoresis by use of Genetic Analyzer ABI310 (Applied Biosystems). 

Mutation analyses 

Three primer sets were used to amplify all seven CTCF-binding sites, described 
elsewhere (Bell and Felsenfeld 2000), in the differentially methylated region (DMR) 

between the IGF2 and the H19 genes. The first three sites were amplified with the 
primers CTCFS1-3F, 5 -GCCCATCTTGCTGACCTCAC-3 , and CTCFS1-3R, 5 -AGAAG-
ACCTCCGAGAACCCTG-3 . For CTCF site 4–6, the following primers were used: 
CTCFS4-6F, 5 -GGTAGGACCCTTGTACGAGCC-3 , and CTCFS4-6R, 5 -GACCTGAAGATC-
TGGTGCGG-3 . For CTCF site 4, we used the following primer set: CTCFS7F, 5 -

ATTTCCTGAGTCTCCCCTTGG-3 , and CTCFS7R, 5 -TCGGCAAACCCTCTGTTCC-3 . Two 
additional sequence primers were used: CTCFS site 2R, 5 -AATGTGGCTCC-
CATGAGTG-3 , for CTCF site 2, and CTCF site 5R, 5 -AGAAGGGTTTCACACTAGGGCCG-
3 , for CTCF site 5. 

PCR reactions were done in a total volume of 25 μl with MgCl2 (1.5 μM), dNTP 
(0.24 mM), Betaine (50 mM), primers (1.2 μM), and 0.3 U Amplitaq Gold (Applied 
Biosysytems), with an annealing temperature of 60°C. After purifying the PCR 
product with QIAquick PCR Purification Kit 250 (QIAGEN), a sequence reaction was 

performed using the BigDye Terminator v1.1. Cycle Sequencing Kit (Applied 
Biosystems), with an annealing temperature of 60°C. Samples were analyzed on an 
ABI 310 genetic analyzer after ethanol precipitation. 
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Figure 2 a. Patient 1, aged 2 years and 9 mo. Note triangular, asymmetric face, long 
eyelashes, thin lips, and mild retrognathia. A coloboma is present in the left eye. b, 
Asymmetry of the legs (left leg larger). c, Mild ulnar deviation of digits 3, 4, and 5, with 
shortening of the index finger and clinodactyly of the little finger. d, Patient 2, aged 9 mo. 
Broad forehead; small viscerocranium; triangular, asymmetric face; long eyelashes; thin lips 
with downturned corners of the mouth; and mild retrognathia. e, Asymmetry of the legs (left 
leg larger), internal rotation of the left arm, flexion deformity of the left wrist, and 
abnormal position of the feet (status after multiple surgical corrections). f, Patient 2, aged 4 
years and 1 mo. Facial features are less characteristic of SRS. g, Patient 4, aged 5 mo. Note 
small viscerocranium, triangular face, large eyes with sunset phenomena, and thin lips with 
downturned corners of the mouth. h, Patient 9, aged 3 years and 3 mo. Note mild asymmetry 
of the face (right side larger), broad forehead, flat philtrum, and thin upper lip. i, 
Asymmetry (right side larger) of the body. j,Asymmetry of the hands (right hand larger), mild 
clinodactyly of little finger  
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Patients 

Patient 1. The patient was the third child of healthy parents. She was born after 
a pregnancy of 40 wk and 2 d. Birth weight was 1,870 g ( 3.6 SD), birth length was 

41 cm ( 4.6 SD), and skull circumference was 33.5 cm ( 1 SD). In the first weeks, 
nasogastric tube feeding was necessary, and, in the first months, there was a 
failure to thrive. At age 7 mo, a ventrical septal defect was detected. At age 8 mo, 
she developed circulatory and respiratory insufficiency after gastroenteritis, 
followed by multiorgan failure and postanoxic encephalopathy. Because of severe 

feeding problems, she was fed by percutaneous gastrostomia from age 2.5 years 
onward. Mental development is retarded because of encephalopathy. 

Physical examination at age 2 years and 9 mo showed a height of 87 cm ( 2 SD). 

Unfortunately, skull circumference was not measured. She had dysmorphic features 
suggestive of SRS. An iris coloboma was noted in the left eye. There was asymmetry 
of the arms and legs in (left side larger) and bilateral mild ulnar deviation of the 
third, fourth, and fifth fingers (fig. 2a–2c). 

Patient 2. The patient was born after a spontaneous gemelli pregnancy. The twin 
sister is healthy. Because of IUGR of the patient, a cesarean section was performed 
at 35 wk and 6 d of pregnancy. The proband had a birth weight of 1,310 g ( 2.4 SD) 

and a skull circumference of 32 cm ( 0.8 SD). Length at age 2 wk was 38 cm ( 6.5 
SD). Pathologic examination showed dichorionic, diamniotic placentas. The 
placenta of the patient was smaller than the placenta of her healthy twin sister 
(1:2). DNA analysis confirmed dizygosity. Postpartum, features compatible with 
arthrogryposis multiplex congenita were present. The proband had ulnar deviation 

of the hands; flexion deformity of the fingers, especially on her right hand; and 
camptodactyly of the index finger. A luxation of the left hip, bilateral knee 
luxation, and bilateral pes equinovarus deformity were noted. In the first years, she 
had a severe failure to thrive. Partial nasogastric tube feeding was necessary until 

age 1 year and 9 mo. Mental development was normal. 

Physical examination at age 4 years and 1 mo showed a height of 84.5 cm ( 5 SD), 
a head circumference of 49.5 cm ( 0.3 SD), and a weight of 9.6 kg ( 2.4 SD for her 

length). She had facial features that suggested SRS. Two café-au-lait spots were 
present. Total hand length, leg length, and leg circumference were smaller on the 
right side than on the left side (fig. 2d–2f). 

Cardiac evaluation showed two small ventricular septal defects. Metabolic studies 

were normal except for a temporary, isolated elevation of pipecolinic acid. An 
electromyography showed no abnormalities compatible with neuropathy. 

Patient 3. The patient was born after a pregnancy of 39 wk and 3 d, with a birth 

weight of 1,780 g ( 3.6 SD), a birth length of 40 cm ( 5.5 SD), and a skull 
circumference of 33 cm ( 2 SD). After birth, she underwent surgery because of 
ambiguous genitalia with a large clitoris. In the first weeks, she was fed partially by 
nasogastric tube. At age 14 years, her development is completely normal. Because 

of absence of breast development and hypergonadotropic hypogonadism, magnetic 
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resonance imaging of the abdomen was performed and showed absence of ovaries 
and a hypoplastic uterus. She has been treated with growth hormone; her height is 
currently 1.60 m. 

Physical examination at age 2 years showed a slender girl with a height of 77 cm 
( 3.3 SD), head circumference of 47.5 cm ( 0.3 SD), and a weight of 8,050 g ( 2.6 
SD for her length). She had facial characteristics of SRS. There was asymmetry of 

the body (left side larger). Physical examination at age 14 years was not allowed. 

Patient 4. Patient 4 was born after a pregnancy of 41 wk, with a birth weight of 
1,800 g ( 4.2 SD), a birth length of 42 cm ( 5 SD), and a skull circumference of 34 

cm ( 1 SD). He had ambiguous genitalia consisting of severe periscrotal hypospadias 
and a small introitus. An atrial septal defect was detected. Hepatosplenomegaly 
and a conjugated hyperbilirubinemia with progressive liver function disturbance 
was present. Liver biopsy at age 3.5 mo showed nonspecific fibrosis and ductular 
proliferation. The patient had a severe failure to thrive. Nasogastric tube feeding 

was necessary. He died at age 7 mo, probably as a result of an influenza 
pneumoniae. 

Physical examination shortly after birth showed several dysmorphic features 

suggestive of SRS (fig. 2g). Metabolic and endocrine investigations showed no 
abnormalities. Obduction showed mild asymmetry of the arms and legs (left side 
larger), severe liver cirrhosis without biliary atresia, and fibrous material in the 
pericardiac sac. 

Patient 5. Patient 5 was born after a pregnancy of 39 wk and 2 d, with a birth 
weight of 2,260 g ( 2.5 SD) and a birth length of 47.5 cm ( 1.75 SD). Skull 
circumference was 32.2 cm ( 2.2 SD). No feeding problems were present in the 

neonatal period. Psychomotor development was normal. At age 10 years, she was 
referred to the orthopedic surgeon because of leg length discrepancy and 
asymmetry of the arms (right side larger). No clinical features of SRS were present. 

Patient 6. The parents of patient 6 are of Turkish descent. The patient was born 

after a pregnancy of 41 wk and 3 d, with a birth weight of 2,800 g ( 1.8 SD) and a 
birth length of 50 cm ( 1 SD). Skull circumference was 35.5 cm (+0.4 SD). Feeding 
problems started at age 4 mo, when she often refused fluids. At age 8 years, she 
was referred to the Department of Medical Genetics because of growth retardation 

in combination with discrepancy of leg length and circumference (left side larger). 
Mental development was normal. 

Physical examination at age 8 years showed a height of 119.2 cm ( 2 SD according 

to the growth curve for Turkish children). Head circumference was 51 cm ( 0.5 SD). 
No facial abnormalities were present except a slightly narrow face with thin lips. 
She had three small café-au-lait spots. 

Patient 7. This patient was born after a pregnancy of 41 wk and 3 d, complicated 

with a beginning HELLP syndrome (hemolysis, elevated liver enzyme levels, and a 
low platelet count), which prompted inducing labor. She had a birth weight of 
2,560 g ( 2 SD). Birth length was 46 cm ( 3 SD). The neonatal period was 
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uneventful. At age 7 wk, her occipital-frontal circumference was 38.3 cm (0 SD). 
Asymmetry was noticed from birth and involved limbs and face, which clinically 
looked more like a rightsided hemihypotrophy than hemihypertrophy. At age 1 year, 

her height was 72 cm ( 1.5 SD), and, at age 4 years and 9 mo, it was 109 cm (0 to 
1 SD). Apart from bilateral fifth finger clinodactyly, no SRS-like features were 

present. The right hand showed a variant simian crease. Otherwise, she is a healthy 
young girl of mixed Dutch-Angolese descent. Her mental and motor development 
has been completely normal. Methylation studies were performed for this patient 

because of body asymmetry. 

Patient 8. This patient was born after a pregnancy of 38 wk, with a birth weight 
of 1,500 g ( 3.4 SD). Information about his birth length and skull circumference was 

not available. An asymmetry (left side larger) of the body was present. Since age 23 
years, he has suffered from progressive muscle weakness in his right arm. At age 38 
years, he developed insulin-dependent diabetes. Recently, it was discovered that 
his creatine kinase (CK) is elevated (1,264 U); the explanation of the elevated 

levels is still unknown. Intelligence is normal. Height currently is 1.70 m. He has no 
dysmorphic features suggestive of SRS. 

Patient 9. This pregnancy was achieved after intracytoplasmic sperm injection. 

The patient was born after a pregnancy of 40 wk and 3 d, with a birth weight of 
2,500 g ( 2 SD) and a birth length of 49 cm ( 1 SD). No feeding problems were 
present in the neonatal period. Shortly after birth, a leg length discrepancy of 3 cm 
was noted (right leg larger). Height was 90.5 cm at age 3 years and 3 mo ( 2.2 SD). 
Physical examination showed mild dysmorphic features (fig. 2h–2j). Her mental 

development has been normal. 

For patients 1 and 3, a diagnosis of SRS was made. For patients 2 and 4, the 
clinical features were suggestive of SRS; however, the additional features of severe 

arthrogryposis multiplex congenital and liver cirrhosis have not been described 
before in patients with SRS. In the remaining patients, the diagnosis of SRS could 
not be made. 

Chromosome analysis was performed for patients 1, 2, 3, 4, 6, 8, and 9 and 

showed a normal karyotype. Comparative genome hybridization was performed for 
patient 2 and patient 4, and no abnormalities were detected 

RESULTS 

Methylation studies 

Methylation studies of the H19 gene on chromosome 11p15 are routinely 
performed in our laboratory as part of a diagnostic test for BWS (Bliek et al. 2001). 

We noticed that, in seven patients with asymmetry, the H19 promoter was 
hypomethylated rather than hypermethylated (fig. 1b, patients 2, 4, 5, 6, 7, 8, and 
9). All seven patients also exhibited IUGR or postnatal growth retardation (table 1 
and fig. 2). This suggested to us that the asymmetry in the patients could be due to 
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Table 1. Clinical Features of Patients with Hypomethylation of H19 
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A plus sign (+) = present; a minus sign ( ) = absent. aTemporary increased pipecolinic acid. 
bNeonatal vaginal prolapse. cAmbiguous genitalia with clitoral hypertrophy, absent ovaries, 
and hypoplastic uterus. dAmbiguous genitalia and periscrotal hypospadias with small 
introitus. eSmall kidneys and postanoxic acute tubular necrosis. fSubcortical renal cysts. 
gVSD = ventrical septal defect; ASD = atrial septal defect. hAnd fibrinous layer pericard. 
iElevated CK, diabetes mellitus, and muscle weakness. 
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hemihypotrophy rather than hemihypertrophy. In addition, patients 2 and 4 had an 
SRS-like phenotype (table 1). Therefore, we examined patients 1 and 3 and one 
additional patient, whose Diagnosiss were clearly SRS, according to the criteria of 

Price et al. (1999). Among these patients, patients 1 and 3 had a complete 
hypomethylation of the H19 gene (fig. 1). The third patient with SRS had no 
methylation defect. 

UPD analyses 

Hypermethylation of H19 is often seen in patients with BWS in conjunction with 

hypomethylation of the imprinted KCNQ1OT1 gene, as a result of a UPD, mostly in a 
mosaic form (Bliek et al. 2001). All H19 hypomethylated patients had a normal 
methylation pattern at the KCNQ1OT1 locus (fig. 1), so we exclude mUPD of a large 
part of chromosome 11p15 as an explanation for the methylation defects seen in 

these patients. To further exclude a small mUPD around the H19 gene, we analyzed 
a series of polymorphic markers in this region (fig. 3 and table 2). In all patients, 
biallelic signals with normal intensity were found, excluding uniparental isodisomy 
in all cases. For patients 1, 2, 3, 6, and 7, parents were available and uniparental 
heterodisomy could be excluded. Additionally, we found no evidence of UPD-7 in 

any of our patients (table 2). We conclude that UPD around H19 is not the 
mechanism that leads to the H19 hypomethylation in our patient group. 

 

Figure 3 a. Chromosomal order (given in megabases, from the telomere of the short arm) of 
chromosome 7 markers used for UPD screening. b, Chromosomal order (given in megabases, 
from the telomere of the short arm) of chromosome 11 markers used for UPD screening  
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Table 2. UPD Screening Results 

 Alleles by Patient (Methylation Index of H19) 

Chromosome and 
Marker (Location) 

P1 

(.00) 

P2 

(.18) 

P3 

(.00) 

P4 

(.14) 

P5 

(.32) 

P6 

(.36) 

P7 

(.29) 

P8  

(.23) 

P9 

(.39) 

7p14-q21:          

D7S484 (35.1 Mb) ND NI 3/7 3/6 3/5 3/7 3/4 3/4 NI 

D7S510 (38.9 Mb) ND 3/5 3/4 3/5 3/6 3/6 4/5 1/2 NI 

D7S519 (45.9 Mb) ND 3/4 4/5 3/5 4/6 4/9 4/5 2/8 5/7 

D7S502 (66.0 Mb) ND 3/8 2/5 NI 4/4 5/10 ND 2/3 5/7 

D7S669 (77.5 Mb) ND 2/7 1/3 5/9 3/7 5/6 ND 7/10 7/8 

D7S630 (88.0 Mb) ND 1/5 7/8 1/7 NI 3/7 67 4/7 6/7 

7q32-36:          

D7S640 (132 Mb) ND 2/7 2/4 4/6 NI 4/5 12 5/8 2/6 

D7S684 (138 Mb) ND 6/7 NI NI 2/3 1/6 47 NI 1/7 

D7S661 (143 Mb) ND 6/8 5/6 2/8 4/6 6/7 28 3/5 NI 

D7S636 (150 Mb) ND 7/12 4/11 4/6 8/9 5/8 38 6/11 3/9 

D7S798 (152 Mb) 5/6 NI 5/6 4/6 3/6 4/6 NI 5/6 3/6 

11p15:          

D11S2071 (0.24 Mb) 1/3 NI 3/8 2/4 ND 1/5 37 NI ND 

D11S922 (1.5 Mb) NI 5/6 7/12 1/4 ND 4/7 59 6/9 ND 

D11S4046 (1.9 Mb) ND NI 7/9 3/8 6/8 3/8 25 1/10 7/8 

TH (2.1 Mb) ND NI NI 1/5 ND 2/3 12 ND ND 

D11S1318 (2.3 Mb) 6/8 2/8 1/7 ND ND 3/7 NI ND ND 

D11S988 (4.4 Mb) 6/9 4/10 7/9 6/9 ND 1/9 26 6/7 ND 

D11S1338 (5.9 Mb) 1/4 NI 3/4 1/4 ND NI NI 2/4 ND 

D11S902 (17 Mb) ND 7/8 ND 5/6 3/7 1/3 NI 7/8 NI 

D11S904 (27 Mb) ND 2/6 2/5 6/7 1/3 4/6 23 2/5 6/7 

When parents are available, the paternal allele is underlined and the maternal allele is in 
boldface italics. ND = not done; NI = not informative. 

Deletion studies 

Sparago et al. (2004) and Prawitt et al. (2005) demonstrated that maternal 
inheritance of small deletions (2–3 kb) at the H19 DMR could cause 

hypermethylation of H19 in patients with BWS. In our patient group, we could 
exclude the existence of such deletions (fig. 1); therefore, it is unlikely that 
paternal inheritance of an H19 DMR deletion would prevent methylation of this 
locus during spermatogenesis and so cause the hypomethylation defects observed in 
our patients. 

Sequence analyses of the CTCF-binding sites 

Imprinted expression of the H19/IGF2 locus depends on a DMR that acts both as a 
maternal-specific, methylation-sensitive insulator and as a paternal-specific site of 
hypermethylation (Bell and Felsenfeld 2000). In humans, seven repeats in DMR bind 
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the CTCF-binding factor on the hypomethylated maternal allele and have been 
proposed as attracting methylation on the paternal allele (Bell and Felsenfeld 
2000). Binding of CTCF to the DMR mediates the insulator function of this region 

and controls the reciprocal expression of the H19 and IGF2 genes in both mouse and 
human. Engel and coworkers (2004) introduced point mutations into the mouse DMR 

Table 3. Sequence of the CTCF-Binding Sites in Patients 1–9 

CTCF-

binding 

Site 

Sequence 1 2 3 4 

1 ccgcgcggcggcag ccgcgcggcggcag ccgcgcggcggcag ccgcgcggcggcag ccgcgcggcggcag 

2 ccgcgcggcggcag ccgcgcggcggcag ccgcgcggcggcag ccgcgcggcggcag ccgcgcggcggcag 

3 ccgcgtggcggcag ccgcgcggcggcag ccgcgcggcggcag ccgcgcggcggcag ccgcgcggcggcag 

4 ccgcgcggcggcag ccgcgtggcggcag acgcgtggcggcag ccgcgtggcggcag acgcgtggcggcag 

5 ctgcgcggcggcag ctgcgcggcggcag ctgcgcggcggcag ctgcgcggcggcag ctgcgcggcggcag 

6 ccgcgcggcggcag ccgcgcggcggcag ccgcgtggcggcag ccgcgcggcggcag ccgcgtggcggcag 

7 ccgagaggcggcag ccgagaggcggcag ccgagaggcggcag ccgagaggcggcag ccgagaggcggcag 

CTCF-

binding 

Site 

5 6 7 8 9 

1 ccgcgcggcggcag ccgcgcggcggcag ccgcgcggcggcag ccgcgcggcggcag ccgcgcggcggcag 

2 ccgcgcggcggcag ccgcgcggcggcag ccgcgcggcggcag ccgcgcggcggcag ccgcgcggcggcag 

3 ccgcgcggcggcag ccgcgcggcggcag ccgcgcggcggcag ccgcgcggcggcag ccgcgcggcggcag 

4 ccgcgtggcggcag a/ccgcgtggcggcag a/ccgcgtggcggcag a/ccgcgtggcggcag ccgcgcggcggcag 

5 ctgcgcggcggcag ctgcgcggcggcag ctgcgcggcggcag ctgcgcggcggcag ctgcgcggcggcag 

6 ccgcgcggcggcag ccgcgc/tggcggcag ccgcgc/tggcggcag ccgcgc/tggcggcag ccgcgcggcggcag 

7 ccgagaggcggcag ccgagaggcggcag ccgagaggcggcag ccgagaggcggcag ccgagaggcggcag 

Colums 1 to 9 are sequences found in patients. Differences from the sequence are indicated 
in boldface italics. Sequence variants found in sites 4 and 6 are also found in controls or are 

according to the consensus sequence given by Bell and Felsenfeld (2000). 

to deplete the repeats of CpGs while retaining ctcf binding and enhancer blocking 
activity. Maternal inheritance of the mutations left h19 and Igf2 expression intact, 

consistent with the idea that the DMR acts as an insulator. Conversely, paternal 
inheritance of these mutations disrupted maintenance of DMR methylation, 
resulting in biallelic h19 expression. Furthermore, an insulator was established on 
the paternally inherited mutated allele in vivo, which reduced Igf2 expression and 
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resulted in a 40% reduction in size of newborn offspring. Additionally, Sparago et al. 
(2004) and Gicquel et al. (2005) demonstrated aberrant methylation of CTCF 
binding sites in patients with BWS or SRS, suggesting that mutations in the DMR 

repeats could account for the loss of methylation in the H19 region in our patients. 
We therefore sequenced the DMR repeat in our patients and found all were normal 
(table 3). 

Discussion 

It is striking that two patients with SRS have complete hypomethylation of the 

H19 region and that the two patients with SRS-like features have lower methylation 
indexes in blood tissue compared with the patients with asymmetry and growth 
retardation without additional SRS features. In the study by Gicquel et al. (2005), a 
correlation between the degree of hypomethylation in patients with SRS and the 

severity of the phenotype is also present, but no case of complete demethylation 
was reported. The complete demethylation of the patients with SRS in our studies 
suggests lack of somatic mosaicism, at least in major parts of the fetus, and 
suggests that it may have occurred prefertilization. We suggest that the severity of 
the phenotype may be a result of the tissues that are affected and how that tissue 

is influenced by a change in methylation. In addition, the possibility exists that 
normal cells would have a growth advantage relative to H19 hypomethylated cells 
in a time- and tissue-dependent manner and generate tissues with apparent varying 
proportions of H19 hypomethylation. Under this hypothesis, placental 

hypomethylation of H19 might be responsible for decreased placenta size and hence 
decreased body size of the fetus, as seen in the twin described in this study. In 
placentas of sporadic IUGR, downregulation of IGF2 and other paternally imprinted 
genes, in conjunction with upregulation of maternally imprinted genes, has been 
described by McMinn et al. (2005). Interestingly, one of these upregulated 

imprinted genes was the MEST gene (MIM 601029), localized to the SRS region of 
chromosome 7. 

In contrast to patients with SRS, there seems to be no correlation between the 

degree of mosaicism and the severity of the clinical features of patients with BWS 
and hemihypertrophy (J.B., unpublished material). 

In the present study, every patient with hypomethylation of the H19 locus had 

prenatal and/or postnatal growth retardation and asymmetry, an observation also 
made, with the exception of one individual who lacked asymmetry, by Gicquel et 
al. (2005). Therefore, hypo- or hypermethylation of the H19 region is not 
necessarily associated with asymmetry in SRS or BWS. In patients of both studies, 
feeding problems were often present. Besides features that can be present in SRS, 

additional features were seen (table 1) that have not been previously described in 
the syndrome, including iris coloboma, structural heart malformations, 
arthrogryposis multiplex congenita, absent ovaries, hypoplastic uterus, and 
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hepatomegaly (cirrhosis). The birth prevalence of iris coloboma is ~1 in 10,000 births 

(EUROCAT), and it is possible that this is a chance occurrence. 

The birth prevalences of ventrical septal defect and atrial septal defect are 26 in 

10,000 and 11 in 10,000, respectively (EUROCAT). Two of our patients have a 
ventrical septal defect, and one had an atrial septal defect, and it is possible that, 
compared with the general population, patients with H19 hypomethylation have a 

higher risk for these heart defects. 

Over 20% of patients with SRS have generalized camptodactyly, many with signs 
of distal arthrogryposis (Price et al. 1999). Physical examination clearly showed 

bilateral ulnar deviation of the third, fourth, and fifth fingers in patient 1 and 
arthrogryposis in patient 2, and it is possible that these features also belong to the 
anomalies caused by H19 hypomethylation, with arthrogryposis multiplex congenita 
as the most severe end of the spectrum. Genital anomalies are common in male 
patients with SRS, often cryptorchism, sometimes hypospadias or ambiguous 

genitalia (Price et al. 1999); Mayer-Rokitansky-Kuster-Hauser syndrome (MIM 
277000) has been reported in a female with SRS with ectopic localization of the 
ovaries and primary amenorrhea of adrenal origin (Bellver-Pradas et al. 2001) and in 
another female with a bicornuate uterus (Price et al. 1999). Elevated urinary 

gonadotropins were described in the first reported patients with SRS and also in 
later reports (Silver et al. 1953; Curi et al. 1967). We suggest that at least some 
females with hypomethylation of the H19 locus do have uterus anomalies and/or 
ovarian insufficiency. The cause of hepatomegaly and cirrhosis in patient 4 remains 
unknown. Cholestasis and cirrhosis are sometimes seen in infants with total 

parenteral feeding; however, patient 4 was largely fed by nasogastric tube. It 
seems logical that the generalized growth defects seen in the patients described in 
this study are due to the methylation defect at 11p15, but no data are available 
from the literature that hypomethylation of H19 also accounts for other SRS or non-

SRS features. Some of these features might very well occur by chance. 

Unlike the present study, Gicquel et al. (2005) selected their patients on the 
basis of the SRS diagnosis. This explains the more frequent occurrence of facial 

abnormalities in their study. In the study reported here, patients were selected on 
the basis of asymmetry and growth retardation, and we have show that the H19 
hypomethylation found in SRS can also be found in patients with asymmetry and 
pre- and/or postnatal growth retardation only. In seven of the nine patients, 
asymmetry was with the left side larger; whether this is a chance occurrence 

remains unknown. In previous reports (Price et al. 1999; Gicquel et al. 2005), the 
sidedness of the asymmetry was not mentioned. 

SRS has been described elsewhere in MZ twins, all of them discordant for the SRS 

phenotype (Samn et al. 1990; Bailey et al. 1995). A preponderance of female MZ 
twins among patients with BWS has been described (Weksberg et al. 2002), with the 
twins being discordant for the imprinting defect at the KCNQ1OT1 locus. Weksberg 
et al. (2002) further suggested that it is possible that unequal splitting of the inner 
cell mass during twinning leads to differential maintenance of imprinting of the H19 
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locus, and we suggest that a similar mechanism might apply in SRS. However, data 
on the methylation status of H19 in discordant MZ SRS twins are not yet available. 

DeBaun et al. (2003) found increased prevalence of assisted reproductive 

technology (ART) (4.6%) in mothers of patients with BWS compared with the control 
population (0.8%). It has been suggested that different factors—for example ART 
embryo culture conditions or the treatment for infertility—could theoretically have 

an effect on epigenetic alterations (Maher 2005), and there is an increased 
incidence of IUGR in children conceived by ART (Schieve et al. 2002). Recently, two 
cases of SRS after ART were reported (Källén et al. 2005; Svensson et al. 2005). 
Patient 9 in our series is the third reported patient. Since H19 hypomethylation is 
seen not only in patients with classic SRS but also in patients with growth 

retardation and asymmetry, it seems wise to perform methylation studies of the 
H19 locus in patients conceived by ART who have growth retardation of unknown 
cause. 

Mulibrey nanism (muscle-liver-brain-eye [MIM 253250]) has several features that 

overlap with SRS—for example, pre- and postnatal growth retardation, triangular 
face, frontal bossing, and asymmetry. Some features—like pericarditis, yellow dots 
in the fundi, fibrous dysplasia of long bones, and hepatomegaly—do not occur in 

SRS. About 4% of patients with Mulibrey nanism develop Wilms tumor (Karlberg et 
al. 2004a). Recently, hypergonadotropic premature ovarian failure with incomplete 
breast development was described in Mulibrey nanism (Karlberg et al. 2004b). 
Homozygous mutations in the TRIM37 gene (MIM 605073) that are localized close to 
an SRS translocation on chromosome 17q23-q24 give rise to Mulibrey nanism (Avela 

et al. 2000). Because patient 4 has some severe features of SRS in combination with 
hepatomegaly, which can be present in Mulibrey nanism, one can hypothesize that 
both disorders are part of the same genetic pathway. 

A remaining question is whether patients with hypomethylation of the H19 locus 

should be screened for intra-abdominal embryonal tumors by ultrasound screening. 
Although it is not to be expected that overexpression of H19, a tumor-suppressor 
gene, and subsequent reduction of IGF2 expression would lead to tumor 

development, hypomethylation of H19 has been found in human bladder cancer 
(Takai et al. 2001). In addition, tumors have been described in association with SRS. 
Testicular cancer, hepatocellular carcinoma, testicular seminoma, 
craniopharyngoma, and Wilms tumor have been reported in patients with SRS 
(Chitayat et al. 1988; Dang et al. 2004) but are rare. However, neither our patients 

nor those reported by Gicquel et al. (2005) developed tumors. 

In conclusion, we believe it is appropriate to perform methylation studies of the 
H19 locus in all patients with short stature and asymmetry, full SRS, or SR-like 

syndrome, especially when these are accompanied by feeding problems. Ultrasound 
screening has a great impact on the patients and their parents. In our opinion, it is 
not justified to continue ultrasound screening for embryonal tumors conform the 
BWS protocol in SRS or SRS-like patients with hypomethylation of the H19 locus. 
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syndrome, Mulibrey nanism, and TRIM37). 
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ABSTRACT 

Beckwith–Wiedemann syndrome (BWS) and Silver–Russell syndrome (SRS) are caused 
by imprinting defects on chromosome 11p15.5. Standard diagnostic tests for these 
syndromes include methylation analysis of the differential methylated regions of 
the H19 and KCNQ1OT1 genes. Traditionally this has been conducted by Southern 
blot analysis. PCR-based methods greatly improve the turn around time of the test 

and require less DNA. One of the newly emerging techniques for SNP genotyping and 
mutation scanning, high-resolution melting (HRM) analysis, has been shown to be 
also applicable for methylation analysis. We tested methylation-sensitive HRM 
analysis as a method for the detection of methylation defects in a group of 16 BWS 
and SRS patients with known methylation status (determined previously by Southern 

blotting), as well as 45 normal controls. HRM analysis was able to detect all 
methylation aberrations in the patients and appeared to be more sensitive than 
Southern blotting. Variation in normal controls is minimal and the presence of SNPs 
in the amplified fragment does not influence the outcome of the test. We conclude 

that methylation-sensitive HRM analysis is a robust, fast, sensitive and cost 
effective method for methylation analysis in BWS and SRS. 
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INTRODUCTION 

The Beckwith–Wiedemann syndrome (BWS, MIM130650) and Silver–Russell 
syndrome (SRS, MIM180680) are caused by disturbed imprinting at 11p15. This 
region harbours two independently regulated clusters of imprinted genes. The first 
cluster contains the IGF2 and H19 genes and is under the control of the imprinting 
centre 1 (IC1) upstream of the H19 promoter. This IC is differentially methylated 

and methylation is only present at the paternal allele. The second cluster contains, 
among others, the CDKN1C and KCNQ1OT1 genes and is controlled by imprinting 
centre 2 (IC2) overlapping the KCNQ1OT1 promoter. This region is methylated on 
the maternal allele only. 

The Beckwith–Wiedemann syndrome is an overgrowth syndrome. A small 

percentage of the patients have a mutation in the CDKN1C gene, whereas the 
majority of the patients display a methylation defect, namely, hypermethylation of 
IC1, hypomethylation of IC2, or both. Aberrant methylation of both ICs is usually 

caused by a (mosaic) paternal UPD or, in a few cases, by a paternal duplication of 
11p15.1 

Silver–Russell syndrome is a growth retardation syndrome and is genetically 

heterogeneous. In a subset of patients (30%) hypomethylation of IC1 is found,2, 3, 4 
which is opposite to the aberrations found in BWS patients. 

Molecular genetic analysis for confirmation of a clinical diagnosis of BWS and SRS 

is done by methylation analysis of both IC1 and IC2. The methylation defects in BWS 
and SRS are mosaic and therefore the test for methylation must be quantitative. In 
the past, this was done by Southern blotting using methylation-sensitive enzymes 
and measurement of the intensity of the bands representing the methylated and 

unmethylated allele. Methylation indices were scored aberrant when methylation 
indices are <0.4 or >0.6.5 This method requires a large amount of DNA and is very 
time consuming. Therefore, the use of PCR-based methods is preferred. These 
methods include methylation-specific multiplex ligation-dependent probe 
amplification (MS-MLPA), methylation-specific PCR (MS-PCR) and pyrosequencing.6, 

7, 8, 9, 10, 11, 12 For most PCR-based methods (except MLPA) the DNA is modified with 
bisulphite, which converts unmethylated cytosines to uracil, inducing sequence 
differences between methylated and unmethylated DNA. 

High-resolution melting (HRM) analysis is based on differences in melting profiles 

of fragments differing up to only 1 bp and is therefore able to detect methylation 
differences in amplicons derived from bisulphite-modified DNA.13, 14, 15, 16 The 
advantages of this method are that it is fast, cost effective and requires no post-

PCR handling. Wodjacz et al16 described an HRM-based test to determine the 
methylation status of the H19 gene (IC1). However, aberrant methylation of IC1 is 
only present in approximately 25% of the BWS patients and the majority of BWS 
cases are caused by hypomethylation of IC2. We developed an HRM assay to assess 
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the methylation status of both IC1 and IC2, which makes this assay suitable for the 
detection of all methylation defects found in BWS and SRS patients. 

METHODS  

HRMA 

To validate the method a group of 16 patients with different levels of IC1 hyper- 
or hypomethylation and IC2 hypomethylation were analysed by HRM. The 

methylation indices ranged from 0.38-0 and 0.63–0.98 as determined earlier by 
Southern blotting.5 This group consisted of eight patients with a UPD (aberrant 
methylation of both IC1 and IC2), five patients with hypermethylation of IC2, and 
three patients with hypermethylation of IC1 (SRS). In addition, a set of 45 normal 
controls was analysed to determine the normal methylation variation in this test. 

Primers were developed that amplify both methylated and unmethylated DNA in the 
DMRs of the KCNQ1OT1 (IC2) and H19 (IC1) genes. KCNQ1OT1 (IC2) primers were 
LIT1_1F TTGGTAGGATTTTGTTGAGG and LIT1_1R CAAACCTTCCCCTACTACC 
corresponding to bases 254 969–254 988 and 255 127–255 109 of sequence 
AJ006345.1 (Genbank) respectively. H19 (IC1) primers were H19_5F 
ATGTAAGATTTTGGTGGAATAT, H19_5R ACAAACTCACACATCACAACC, corresponding 
to bases 8242–8222 and 7971–7996 of sequence AF125183.1 (genbank) respectively. 
These primers amplify specifically the 6th CTCF-binding site. Specificity of the 
primers was confirmed by sequencing of the PCR products. 

DNA was treated with bisulphite using the EZ DNA methylation Kit (Zymo 

research, Orange, CA, USA) according to the manufacturer's instructions. This was 
followed by PCR amplification, in duplicate, of 1 l bisulphite treated-DNA in the 
presence of 50 mM Tris pH 9, 56 mM (NH4)2SO4, 2% DMSO, 1.5% Tween 20, 1 M 
Betaine, 2.5 mM MgCl2, 0.125 mM dNTPs, 0.2 pmol (IC1) or 0.4 pmol (IC2) forward 

and reverse primer, 0.5 U Taq DNA polymerase (Supertaq, SphaeroQ, Leiden, The 
Netherlands) and 1 LCGreenplus+ (Idaho Technologies, Salt Lake City, UT, USA). The 
PCR conditions were 95°C for 3 min, followed by 35 cycles of 95°C 20", 55°C (IC1) 
or 58°C (IC2) 20", 72°C 30", and a final elongation step of 5 min at 72°C. 

Products were melted from 65 to 98°C using the LightScanner System (Idaho 

Technologies, Salt Lake City, UT, USA). Data were analysed using the dedicated 
LightScanner software. Normalization regions, to correct for differences in the 
amount of PCR product per sample, were set before and after the major 

fluorescent decrease representing the melting of the PCR product. They were in the 
range of 78–80.5°C and 88–90°C for IC1, and 79–80°C and 87–89°C for IC2. The 
curve shift function brings together all the curves at a single point to compensate 
for small temperature variations across the plate. Shift levels were set at 0.95 for 

IC2 and at 0–0.05 for IC1, depending on the methylation level of the sample with 
the lowest methylation level in the test. The curve shift level of IC1 must be below 
the level of the plateau phase of the sample with the lowest methylation level to 
prevent erroneous alignments. The sensitivity level used for grouping of the 
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samples was set at a level that results in all the normal control samples being 
included in a single group (grey colour). 

 

Sequencing 

Sequencing of the regions analysed by HRM was performed by amplification of the 
genomic untreated DNA with primers LIT1gF CACCGGGAGAATCGTGCT and LIT1gR 
AGGACACGGCACATCACTTT for IC2 and H19gF AGTTGTGGAATCGGAAGTGG and 
H19gR GAGCTGTGCTCTGGGATAGA for IC1 comprising the binding sites of the 

primers used for HRMA. Subsequent sequencing of the fragments was done using the 
Bigdye kit v1.1 (Applied Biosystems, Foster City, CA, USA) run on an ABI3700 
sequencer (Applied Biosystems, Foster City, CA, USA) and analysed using codoncode 
aligner (Codoncode Corporation, Dedham, MA, USA). 

Confirmation of UPD 

Presence of UPD was analysed by PCR amplification of microsatellite markers or 
analysis of SNPs in the 11p15 region on DNA from the patients and their parents. 
PCR amplification of microsatellite markers D11S1288, TH and D11S988 was done 
using either FAM6 or HEX-labelled primers. Products were run on an ABIPrism 310 

sequencer (Applied Biosystems, Foster City, CA, USA) and analysed using 
genemapper software (Applied Biosystems, Foster City, CA, USA). 

Twelve SNPs, rs16928285, rs11022922, rs3864884, rs2023818, rs1811815, 

rs800338, rs800337, rs800336, rs739677, rs7951832, rs739502 and rs163150 were 
analysed by direct sequencing (primers available on request). 

RESULT 

In normal individuals the methylation ratio of the differentially methylated 
regions in imprinted genes is 0.5. The contribution of the methylated allele derived 
from one parent is equal to the contribution of the unmethylated allele derived 
from the other parent. We analysed the methylation status of the 6th CTCF-binding 

site of the H19 DMR (IC1) and the DMR of KCNQ1OT1 (IC2) in 16 BWS or SRS patients 
with known methylation defects using HRM analysis. HRM measures the fluorescence 
signal of an intercalating dye in double-stranded DNA. When the DNA melts, the dye 
is released and the intensity of the signal drops. Melting profiles of both IC1 and IC2 
amplicons derived from bisulphite-modified DNA of normal controls showed two 

melting domains, caused by the relatively early melting of the unmethylated allele 
(containing more AT bonds) and the later melting of the methylated allele. The two 
domains are separated by a plateau phase (Figure 1a and b). The position of the 
plateau at the vertical scale represents the ratio between the unmethylated and 

the methylated allele. In case of hypomethylation, there is an increased 
contribution of the unmethylated allele resulting in a relatively longer melting 
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phase of the unmethylated allele, which results in a plateau phase at a lower 
fluorescence level. Similarly, hypermethylation results in a relatively small 
contribution of the unmethylated allele, leaving the plateau phase at higher 

fluorescence. All patients with aberrant methylation, as determined by Southern 
blotting, showed melting profiles different from the normal controls and the degree 
of deviation was consistent with the degree of hypo- or hypermethylation as 
determined by Southern blotting (Table 1, Figure 1). Duplicate curves overlapped. 
One patient (B13) was thought to have hypomethylation of IC2 only, as determined 

by Southern blotting. However, HRM analysis also showed hypermethylation of IC1, 
suggesting the presence of a UPD. This was confirmed by analysis of microsatellite 
markers in the 11p15 region (Figure 2a). 

 

 

Figure 1. (a and b) Melting curves of IC2 (a) and IC1 (b) amplicons show a relative early 
melting of the unmethylated allele, followed by a plateau phase, and a later melting of the 
methylated allele. (c–f) HRMA results of the BWS/SRS patient group. Melting curves of the 
BWS/SRS patient group and eight control samples (in duplicate) for IC2 (c) and IC1 (d) as well 
as the corresponding difference curves (e and f) are shown. The grouping is as calculated by 
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the LightScanner software and the sensitivity is set such that all normal controls are coloured 
alike (grey). The corresponding methylation indices of the patients as determined by 
Southern blotting are indicated. 

 

 

Figure 2. UPD analysis. (a) A mosaic paternal UPD is demonstrated with microsatellite 
markers TH and D11S1288 in patient B13. There is an unequal contribution of the parental 
allele, the paternal allele being over-represented. Electropherograms are shown for the 
patient (B13), his father (F13) and his mother (M13). (b) A low mosaic paternal UPD is 
demonstrated by sequence analysis of SNPs rs3864884, rs16928285, rs11022922 and 
rs7951832 in patient B702. The ratio between the two bases is different from normal controls 
and when informative, the over-represented allele is paternal. 

The group of 45 normal controls showed little variation. The patient with the 

lowest level of hyper- and hypomethylation (B13) was clearly different from the 
control population (Figure 3a and b). 

After implementation of this technique in routine diagnostics, a patient B702 was 

identified with a slight but consistent hypomethylation of IC2 and hypermethylation 
of IC1, indicative of a very low percentage UPD cells (Figure 3c and d). The patient 
with the lowest level of UPD in the positive control population, B8, has methylation 
indices of 0.38 (IC2) and 0.64 (IC1), which corresponds to a UPD percentage of 

25%. B702 thus must have a UPD percentage considerably lower than 25%. UPD 
analysis using microsatellite markers was inconclusive and is probably not sensitive 
enough to detect such small aberrations. Therefore, we analysed 12 SNPs in the 
11p15 region by direct sequencing. Patient B702 was heterozygous for seven SNPs. 
The ratio of the two alleles in this patient was slightly but consistently different 

from the ratio seen in normal controls. In all informative cases (6) the over-
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represented allele was derived from the father (Figure 2b), which makes the 
presence of a low percentage UPD plausible. This finding demonstrates the 
sensitivity of the HRM method. 

Table 1. The results of the HRMA analysis in the group of 16 BWS/SRS patients. 

 IC2 IC1 

Patients Defect MI a HRMA Colour b MI a HRMA Colour b 

B1 UPD 0 LOM Blue 0.98 GOM Orange 

B2 UPD 0.14 LOM Red 0.77 GOM Red 

B3 UPD 0.17 LOM Red 0.85 GOM Red 

B4 UPD 0.22 LOM Red 0.82 GOM Red 

B5 UPD 0.25 LOM Red 0.75 GOM Red 

B6 UPD 0.25 LOM Red 0.73 GOM Red 

B7 UPD 0.32 LOM Green 0.63 GOM Blue 

B8 UPD 0.38 LOM Green 0.64 GOM Blue 

B9 LOM IC2 0 LOM Blue 0.59 N  

B10 LOM IC2 0 LOM Blue 0.59 N  

B11 LOM IC2 0.1 LOM Blue 0.45 N  

B12 LOM IC2 0.22 LOM Red 0.56 N  

B13 LOM IC2 0.34 LOM Orange 0.56 GOM Blue 

S1 LOM IC1 0.47 N  0.26 LOM Green 

S2 LOM IC1 ND ND  0.00 LOM Light blue 

S3 LOM IC1 ND N  0.27 LOM grey Blue 

GOM, gain of methylation = hypermethylation;LOM, loss of methylation = hypomethylation. 
Discrepancies are indicated in bold. A The methylation indices as determined by Southern 
blotting. b Indicates the colour of the sample in Figure 1. 

Although the plateau phase in the melting curves of all the normal control 
samples is at the same fluorescence level, the melting curves do sometimes show 

differences. For IC1 the normal controls can be divided in two different groups and 
for IC2 one sample had a differently shaped curve (Figure 3e and f). This might be 
caused by the presence of SNPs in the analysed fragments. No common SNPs are 
present in the fragment amplified from IC2, but a previously unknown variant 
g.255083G>A (genbank accession no. AJ006345.1) was identified in the sample 

showing a different melting pattern (Figure 3e). In the IC1 fragment, three SNPs are 
present, rs4930098 (G/C), rs2107425(C/T) and rs2071094 (G/T). Rs2107425 is a C/T 
polymorphism and does not change the DNA after bisulphite conversion. 

The remaining two SNPs are in complete LD in all individuals tested and the normal 

control samples are either homozygous for the rs4930098 C allele in combination 
with the rs2071094 T allele, homozygous for rs4930098 G allele in combination with 
the rs2071094 G allele, or heterozygous for both SNPs. Homozygous 
rs2071094C/rs4930098T (TT after bisulphite conversion) individuals all show melting 
pattern 1, all rs2071094G/rs4930098G homozygous individuals show melting pattern 

2 and the heterozygous individuals show either pattern 1 or pattern 2, probably 
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depending on the parental origin of the genotype (Figure 3f). Although the SNPs do 
alter the shape of the melting curves, they do not change the position of the 
plateau that represents the ratio of methylated and unmethylated DNA. As 

methylation testing is based on changes in the position of the plateau phase, these 
SNPs do not interfere with the assessment of the methylation state. 

 

Figure 3. (a and b) Melting curves of 45 normal control individuals and patient B13 for IC2 (a) 
and IC1 (b). (c and d) Melting curves of patient B702 and a selection of positive controls for 
IC2 (c) and IC1 (d). Methylation indices of the samples are, if known, given in brackets. (e 
and f) Melting curves of normal control samples showing different melting patterns. The 
individual showing the different patterns for IC2 (e) carried a previously unknown 
heterozygous variant g.255083G>A. The differences in the curves of IC1 are caused by the 
common SNPs rs4930098 (G/C) and rs2071094 (G/T). 

DISCUSSION 

In the BSW/SRS patient group included in this study, all aberrant methylation 

patterns previously identified by Southern blotting were confirmed by HRM analysis 
and the degree of hypo- or hypermethylation found was comparable between the 



6 Methylation-sensitive HRMA 

 

108 

two techniques. One patient who was found to have normal methylation of IC1 by 
Southern blotting showed a small degree of hypermethylation when analysed by 
HRMA. The hypermethylation was confirmed by the assessment of a mosaic UPD in 

this patient, which favors for the sensitivity of the HRMA analysis. 

HRMA enables discriminating between fragments differing in only 1 bp.15 The IC1 
amplicon used in this study contains frequent SNPs resulting in slightly different 

melting patterns. Alternative amplicons, not containing known SNPs, were tested 
but best test results were obtained with the amplicon described here (data not 
shown). The position of the plateau in the melting profile, representing the ratio 
between the unmethylated and methylated alleles, is not altered. The presence of 
SNPs thus does not interfere with the accuracy of the test. 

A limitation of analysis by HRM is that this system does not allow absolute 
quantification and calculations of methylation indices. A range of degree of hypo- 
or hypermethylation is visible, but cannot be quantified. Quantification should be 

possible by measuring the position of the plateau phase of the patient sample 
relative to those of standard samples, but this will need software adaptations. Until 
this is available, the methylation indices of samples can be roughly estimated by 
comparing the profile with those of patients with known methylation status used as 

reference samples. In our diagnostic laboratory we implemented this technique for 
DNA diagnostics for BWS and SRS. To each run we add samples with known 
methylation indices as standards and use patient B702 as the threshold sample. 
Hypermethylation at IC1 or hypomethylation at IC2 more or equal to this threshold 
sample is considered aberrant methylation. The degree of hyper- or 

hypomethylation is estimated by comparing the melting profile to those of the 
standard samples. 

In conclusion, methylation-sensitive HRM analysis proved to be a fast, reliable and 

sensitive method for methylation analysis as a diagnostic tool for BWS and SRS. 
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ABSTRACT 

Genomic imprinting is an epigenetic phenomenon restricting gene expression in a 
manner dependent on parent of origin. Imprinted gene products are critical 
regulators of growth and development, and imprinting disorders are associated with 
both genetic and epigenetic mutations, including disruption of DNA methylation 
within the imprinting control regions (ICRs) of these genes. It was recently reported 

that some patients with imprinting disorders have a more generalised imprinting 
defect, with hypomethylation at a range of maternally methylated ICRs. We report 
a cohort of 149 patients with a clinical diagnosis of Beckwith–Wiedemann syndrome 
(BWS), including 81 with maternal hypomethylation of the KCNQ1OT1 ICR. 
Methylation analysis of 11 ICRs in these patients showed that hypomethylation 

affecting multiple imprinted loci was restricted to 17 patients with 
hypomethylation of the KCNQ1OT1 ICR, and involved only maternally methylated 
loci. Both partial and complete hypomethylation was demonstrated in these cases, 
suggesting a possible postzygotic origin of a mosaic imprinting error. Some ICRs, 

including the PLAGL1 and GNAS/NESPAS ICRs implicated in the aetiology of 
transient neonatal diabetes and pseudohypoparathyroidism type 1b, respectively, 
were more frequently affected than others. Although we did not find any evidence 
for mutation of the candidate gene DNMT3L, these results support the hypotheses 
that trans-acting factors affect the somatic maintenance of imprinting at multiple 

maternally methylated loci and that the clinical presentation of these complex 
cases may reflect the loci and tissues affected with the epigenetic abnormalities. 
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INTRODUCTION 

The expression of imprinted genes in the mammalian genome is dependent on 
parental origin. These genes have key roles in the control of foetal growth and 
many of them have been implicated in human growth disorders and cancer.1, 2, 3 
Epigenetic modifications including DNA methylation differentially mark imprinted 
genes in egg and sperm and lead to the unequal expression of parental alleles in 

somatic cells.1 Maintenance of differential DNA methylation between maternal and 
paternal alleles of specific sequences is crucial to proper imprinting control, and 
methylation defects at imprinted loci have been described in human imprinting 
disorders.4 

Beckwith–Wiedemann syndrome (BWS, OMIM 13650) is a tumour-associated 

overgrowth disorder that is mainly caused by the dysregulation of a cluster of 
imprinted genes located at chromosome 11p15.5.5 Although some familial cases 
with dominant maternal inheritance have been described,6, 7 BWS cases are mostly 

sporadic and are characterised by methylation abnormalities at one of the two 
imprinting control regions (ICRs) (H19 and KCNQ1OT1 ICR, also known as IC1 and 
IC2) or paternal uniparental disomy (UPD) at 11p15.5. Several genes with growth-
regulatory properties are part of the 11p15.5 cluster, including IGF2 and H19, which 

are controlled by the H19 ICR, and CDKN1C and KCNQ1OT1, which are controlled by 
the KCNQ1OT1 ICR. We recently demonstrated that gain of methylation at the H19 
ICR (IC1 defect, ICD1) is independent of the DNA sequence context in several BWS 
patients and proposed that these molecular defects generally arise as de novo 
epimutations in early embryogenesis.8 

A subset of BWS patients with hypomethylation at the KCNQ1OT1 ICR (IC2 defect, 
ICD2) have loss of methylation at other imprinted loci.9 Hypomethylation of 
multiple maternally methylated ICRs including KCNQ1OT1 has also been 

demonstrated in cases of transient neonatal diabetes10, 11 (TND, OMIM 601410). TND 
is a disease characterised by intrauterine growth retardation and transient 
hyperglycaemia that results from dysregulation of the imprinted growth inhibitor 
and antiapoptotic PLAGL1 (ZAC) gene located at chromosome 6q24.12 A minority of 

TND patients have BWS features, such as macroglossia and abdominal wall defects, 
suggesting an interaction between the 6q24 and 11p15.5 loci. However, no 
molecular defect at PLAGL1 has been reported in BWS patients so far and the 
relationship between BWS and TND remains undefined.9, 13 

We have further investigated the role of the imprinted genes other than the 

11p15.5 cluster in BWS, by analysing DNA methylation at 11 ICRs with multiple 
techniques and screening a large number of cases through a multicentre study. The 
results obtained demonstrate that a subset of BWS patients display hypomethylation 

at multiple maternally methylated ICRs, including those involved in TND and 
pseudohypoparathyroidism type 1b (PHP1b), and support the hypothesis that 
multiple maternal hypomethylation may present with different clinical phenotypes. 
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PATIENTS AND METHODS 

Patients 

The patients comprised 149 individuals with clinical diagnosis of BWS according to 
the criteria reported by DeBaun et al.14 These included 105 patients from Italy and 

44 from the Netherlands (Table 1). Their clinical features are summarised in Table 
2. Genetic analyses of the Italian cohort were performed with the informed consent 
of the parents of the patients. The experimental plan was approved by the ethical 
committees of the Second University of Naples, Italy. The collection of clinical data 
in the Netherlands was approved by the ethical committee of the Academic Medical 

Centre in Amsterdam (MEC 99/030), and the experiments were performed in 
accordance with the local (ethical) protocols for research on patient material. 

Table 1. Classification of epigenetic defects found in 149 BWS patients. 

 Italian cohort Dutch cohort Total 

 
No. of 

patients 

No. of 

patients 
with 

multiple 

defects 

No. of 

patients 

No. of 

patients 
with 

multiple 

defects 

No. of 

patients 

No. of 

patients 
with 

multiple 

defects 

Fraction 

No defect found 24 0 6 0 30 0 0 

UPD11 13 0 5 0 18 0 0 

IC1* 16 0 4 0 20 0 0 

IC2 52 9 29 8 81 17 0.21 

Total 105 9 44 8 149 17  

BWS, Beckwith–Wiedemann syndrome. a Four of these individuals carried a maternally 
inherited microdeletion in the H19 ICR (Sparago et al 6). 

DNA methylation analysis of the imprinted loci 

The DNA methylation of ICRs at various imprinted loci was analysed in DNA 
derived from peripheral blood leukocytes using four different techniques. The H19 
ICR and the KCNQ1OT1 ICR were analysed by Southern blotting hybridisation, as 
described earlier.17 The KCNQ1OT1 ICR and all the other ICRs were analysed by 

combined bisulphite restriction analysis (COBRA) and methylationspecific PCR (MS-
PCR). For the COBRA, 2 g of genomic DNA was treated with sodium bisulphite, PCR 
amplified, the PCR product digested with a restriction enzyme containing a CpG 
dinucleotide in its target sequence and the fragments separated on a 

polyacrylamide gel. In some individuals, the methylation of the KCNQ1OT1, 

MEST(PEG1) and PLAGL1 ICRs was also analysed by bisulphite sequencing. In this 
case, the PCR products were cloned in Topo pCR2.1 vector (Invitrogen) and the 
clones sequenced. Primer sequences, genomic locations and amplicon sizes of  
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Table 2. Clinical features of the BWS patients with multiple maternal hypo-
methylation. 

 

ASD, atrial septal defect; BWS, Beckwith–Wiedemann syndrome; N, no; NA, not available; Y, 
yes.; a Birth weight centiles were corrected for gestational age and twin pregnancy.15, 16  
b >90 centile; c Hormone treatment of the mother for infertility. 
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relevant assays are detailed in Supplementary Table 1; further experimental details 
are available on request. MS-PCR was performed exactly as described.18 

Methylation analysis of classical satellite DNA 

DNA methylation of classical satellites 2 and 3 was analysed by Southern blotting, 
as described.19 Two micrograms of DNA were digested overnight with HpaII, MspI 
and McrBC, in separate tubes. Blots were hybridised with oligonucleotide probes 
specific for satellite 2 of chromosomes 1 and 16 and satellite 3 of chromosome 9. 

Mutation analysis of the DNMT3L gene 

The DNMT3L gene was analysed by sequencing all exons and their flanking intronic 
regions. The primers and PCR conditions used are as described;20 DNA sequencing 
was obtained from PRIMM (Italy). 

Statistical analysis 

Fisher's exact testing and 2 analysis were used as appropriate. Statistical 
significance was taken at the 5% level. 

RESULTS 

DNA methylation defects at multiple imprinted loci in BWS 

We investigated 149 individuals affected with BWS for the presence of DNA 
methylation defects at imprinted loci other than the 11p15.5 cluster. In all cases, 

leukocyte-derived DNA was analysed. The BWS samples were classified for the 
presence of hypermethylation at the H19 ICR (ICD1), hypomethylation at the 
KCNQ1OT1 ICR (ICD2), paternal UPD at 11p15.5 (UPD11) or no epigenetic defect at 
11p15.5, as described earlier5, 21, 22 (see Table 1 and Supplementary Figure 1). The 
same samples were then analysed for the presence of methylation defects at other 

imprinted loci. One ICR normally methylated on the paternal allele, GTL2-IG 
(14q32), and eight maternally methylated ICRs, PLAGL1 (6q24), IGF2R (6q25.3), 
GRB10 (7p21), MEST (7q32.2), SNRPN (15q11), PEG3 (19q13), GNAS (20q13.32) and 
NESPAS (20q13.32), were investigated. At these loci, methylation levels were 

determined by using both COBRA and MS-PCR (Table 3). 

Abnormal methylation at loci other than 11p15.5 was detected in 17 patients with 
ICD2 (21%, see Table 1). The results were reported as unme/me ratios and named 

'loss of methylation values' (Table 3). In patients with multiple methylation 
anomalies, only maternally methylated ICRs were affected. No methylation defect 
of imprinted loci other than 11p15 was detected in patients with ICD1, or in those 
with UPD11, or in those with no detected anomaly of chromosome 11p15.5. No 
methylation changes were observed in 120 normal controls with MS-PCR and 100 

normal controls with COBRA. 
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Table 3. Loss of methylation values of various imprinted loci in BWS patients with 
multiple maternal hypomethylation. 
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BWS, Beckwith–Wiedemann syndrome; COBRA, combined bisulphite restriction analysis; MSP, 
methylation-specific PCR; ND, not done; SB, Southern blotting.;  Numbers represent 
unme/me ratios. The ratios were normalised to the average of 120 control samples with MS-
PCR and 100 control samples with COBRA. Numbers greater than 1 indicate loss of 
methylation.; a NC, normal controls. 
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The number and type of loci involved and the extent of hypomethylation varied 
from patient to patient (Table 3). Apart from KCNQ1OT1, methylation defects were 
found at MEST in six to seven cases, PLAGL1 in seven cases, IGF2R in six cases, 

GNAS in eight cases, NESPAS in 10 cases and GRB10 in four cases. The observed 
hypomethylation defects were strikingly mosaic in form; individual patients showed 
epimutations ranging from modest to total hypomethylation at different loci. 
Generally, MS-PCR appeared to be more sensitive to allelic imbalances. 
Nevertheless, qualitatively, the results obtained with the two different methods 

were comparable (Table 3 and Figure 1a and b). 

 

Figure 1a and b. Examples of the assays used for the methylation analysis. The methylation 
of nine maternally methylated ICRs was analysed by MS-PCR (a) and COBRA (b) in the DNAs of 
a normal individual and two BWS patients with multiple methylation defects (BWS1 and 
BWS2). The peaks of the MS-PCR corresponding to unmethylated and methylated DNA are 
indicated by blue and red filled circles, respectively, and the bands of the COBRA 
corresponding to the unmethylated and methylated DNA are indicated at the right side of the 
panels. The area of the MS-PCR peaks and the non-normalised unme/me ratios of intensities 
of the COBRA bands are also indicated below each panel. Details are given in Patients and 
methods and Supplementary Tables 1 and 2. Note that the results obtained with the two 
techniques are highly concordant. 
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As MS-PCR and COBRA assay the methylation of only a few CpGs at each site, we 
investigated the extent of the methylation losses, by bisulphite-sequencing analysis 
of two cases from the Italian cohort showing significant hypomethylation of the 

MEST and PLAGL1 ICRs (Figure 2). The patient DNA showed essentially complete 
hypomethylation within the amplicons sequenced. Demonstration of heterozygosity 
by the analysis of closely linked SNPs and microsatellites excluded the deletion of 
the methylated allele in the cases with complete absence of methylation at the ICR 
(data not shown). 

 

Figure 2. Multiple hypomethylated ICRs, as analysed by bisulphite sequencing. The 
methylation of the three maternally methylated ICRs was analysed by bisulphite sequencing 
in the DNAs of a normal individual and two BWS patients with multiple methylation defects 
(BWS1 and BWS2). Twenty-five CpGs of the KCNQ1OT1 ICR, 26 CpGs of the PLAGL1 ICR and 59 
CpGs (only the first 25 CpGs are shown) of the MEST ICR were analysed. Each line 
corresponds to a single template DNA molecule cloned; each circle corresponds to a CpG 
dinucleotide. Filled circles designate methylated cytosines; open circles, unmethylated 
cytosines. Numbers at the right border of the CpG circles indicate multiple sequenced clones 
with identical methylation pattern. Note that the hypomethylation extends over the entire 
amplicons sequenced. 

The specificity of the methylation defects was investigated by the analysis of 

repetitive sequences. We analysed the methylation of satellites 2 and 3, by 
Southern blotting, in four patients with multiple hypomethylation. The results 
showed that methylation was present at essentially control levels in all individuals 
investigated (Supplementary Figure 2). 

Overall, these results demonstrate that a subset of BWS patients display a 
complex but specific hypomethylation defect involving multiple maternally 
methylated imprinted loci. Interestingly, the hypomethylated loci included the 
PLAGL1 locus implicated in TND, and the GNAS and NESPAS loci implicated in 

PHP1b. 
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Clinical characteristics of patients with multiple maternal hypomethylation 

The clinical features of the patients with multiple hypomethylation were 
compared with those of the patients with loss of methylation restricted to 

KCNQ1OT1 (Table 2). The birth weight of the patients with multiple 
hypomethylation was on average lower than that of the subgroup with isolated 
KCNQ1OT1 hypomethylation (58th35 vs 79th21 centile). This difference is just over 
the limits of statistical significance (P=0.06). However, the low frequency of 
neonatal macrosomia was particularly evident among the cases with severe 

hypomethylation (38th34, see Table 3, in bold). Intriguingly, some of these 
individuals showed postnatal overgrowth. The frequencies of nevus flammeus and 
hemihypertrophy among the patients with multiple defects were lower than those 
observed among the patients with only KCNQ1OT1 hypomethylation (P=0.03 and 

P=0.04, respectively). In addition, some patients with multiple hypomethylation 
displayed characteristics not usually associated with BWS, such as speech 
retardation (BWS3), peri/postnatal apnoea, feeding difficulties, hearing problems 
(BWS11) and premature birth (28 weeks of gestation, BWS12 and BWS16). Overall, 
these data suggest that maternal hypomethylation in addition to that at 11p15.5 

may modify the clinical presentation of BWS. 

Mutation analysis of DNMT3L 

In the mouse, Dnmt3L is required for establishing maternal imprints.23 We, 
therefore, looked for mutations at the DNMT3L locus in the mothers of two patients 

(BWS1 and BWS2) with severe hypomethylation at multiple imprinting loci. We 
sequenced all exons and flanking intronic regions. Only four single-nucleotide 
variations with respect to the reference sequence (NT_011515) were detected, but 
all of them corresponded to polymorphisms also found in the normal population 
(db8129767, db2014457, db762424 and db2014264). 

DISCUSSION 

Rossignol et al9 reported that a subgroup of BWS patients displayed maternal 
methylation defects at imprinted loci in addition to the KCNQ1OT1 ICR, raising the 
hypothesis that genes other than those located at chromosome 11p15.5 were 

involved in the pathogenesis of BWS. In a larger cohort of patients, we have 
demonstrated that the epigenetic defects at loci other than 11p15.5 were limited 
to loss of methylation at maternally methylated ICRs, and that these abnormalities 
were restricted to the individuals with loss of KCNQ1OT1 methylation. We also 

observed that a specific set of ICRs were found more frequently affected than 
others and that the patients with multiple methylation defects often displayed 
atypical BWS phenotypes. 

The percentage of ICD2 patients with multiple hypomethylation was reported by 

Rossignol et al9 to be 25% in a study of the KCNQ1OT1, IGF2R, MEST and SNRPN loci 
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in 40 BWS cases. We have found a 20% frequency of multiple methylation among 
nine maternally methylated and two paternally methylated loci analysed, including 
a hypomethylation frequency of only 11% among the loci investigated by Rossignol 

et al.9 This lower frequency may reflect variations in the clinical inclusion criteria 
for the two cohorts investigated; this is particularly significant bearing in mind that 
multiple hypomethylation cases may have a BWS presentation modified by the 
effects of loci other than 11p15.5. Differently from Rossignol et al,9 we used 
multiple techniques to analyse DNA methylation. Notably, there was a broad 

concordance between the results of methylation analysis by Southern blotting, 
COBRA and MSP. In some cases, there was a variation in the degree of 
hypomethylation detected by the different techniques (for example, the 
hypomethylation of KCNQ1OT1 in BWS1–4). In two cases (MEST, BWS16 and GNAS, 

BWS2), the discrepancy caused an apparently divergent determination of 
hypomethylation, with MSP detecting marginal hypomethylation not detected by 
COBRA. In general, it appears that MSP is more sensitive than COBRA to allelic 
imbalance. As MSP is based on simultaneous amplification of methylated and non-
methylated DNAs with different primers, it is possible that the different species 

take different times to reach exponential phase, and this emphasises the 
differences between methylated and non-methylated DNAs. Aside from this, small 
discrepancies in calculated methylation ratios may reflect the different positions of 
the target CpG dinucleotides assayed by the different tests. 

The loci most frequently affected in our patient cohort were the NESPAS and 
GNAS ICRs on chromosome 20, followed by the MEST, PLAGL1 and IGF2R ICRs, 
whereas GRB10, PEG3 and SNRPN were frequently spared. This may represent 

clinical ascertainment bias among the patient cohort. Alternatively, the range of 
loci implicated may indicate underlying mechanistic aetiologies primarily affecting 
specific groups of imprinted loci. It has been recently demonstrated that TND 
patients with gene mutations in ZFP57 had imprinting defects chiefly affecting the 
PLAGL1, PEG3 and GRB10 loci, whereas other loci including KCNQ1OT1, MEST, 

NESPAS and GNAS were generally spared.18 We suggest, therefore, that there may 
be an aetiological divergence between that patient group and the cohort described 
here. 

Rossignol et al9 did not identify any significant difference between the clinical 

features of patients with multiple hypomethylation and those with hypomethylation 
restricted to 11p15.5. In a more extensive characterisation, we have found that 
patients with multiple defects were on average smaller at birth than those with 
ICD2 alone. In addition, some of the individuals with multiple hypomethylation had 

unusual BWS phenotypes. Similarly to a case of the French study, one patient of our 
cohort (BWS3) had developmental delay and primary speech retardation associated 
with MEST hypomethylation. Another patient with multiple methylation defect 
(BWS11) showed apnoea and feeding and hearing problems. In addition, two 

patients of our cohort (BWS12 and BWS16) and one patient of the French cohort 
were born preterm. Therefore, it is possible that dysregulation of additional genes 
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may modify the typical phenotype of BWS. The tumour incidence (low in the BWS 
cases with ICD2), however, was not affected by the presence of multiple 
methylation defects. 

It is striking that some individuals manifested imprinting defects that would be 
expected in association with clinical features of another imprinting disorder. For 
example, four patients (BWS8, BWS14, BWS15 and BWS16) had total or near-total 

hypomethylation of GNAS and/or NESPAS. The GNAS locus on chromosome 20q13 is 
a complex imprinted cluster with multiple ICRs and gene products.24 
Hypomethylation at these ICRs has also been described in several patients affected 
with PHP1b.25 Although further investigation is probably needed to exclude all 
features of PHP1b, no alteration of calcium metabolism has been reported in our 

BWS patients with multiple hypomethylation so far. However, the two patients with 
more marked GNAS hypomethylation were not macrosomic at birth (10th and 50–
90th centiles, respectively), suggesting that abnormal expression at the GNAS locus 
may modify the BWS phenotype. Four patients (BWS1, BWS2, BWS9 and BWS10) in 

this cohort displayed complete or near-complete hypomethylation of PLAGL1 ICR, 
which is normally associated with TND. Although neonatal diabetes was not 
described among these cases, they were not macrosomic; this suggests that PLAGL1 
hypomethylation may alter the clinical presentation of BWS. Interestingly, TND 
patients with marked KCNQ1OT1 hypomethylation displayed macroglossia and 

abdominal wall defects, features typical of BWS.10 These observations suggest that 
the clinical presentation of these complex cases may be modified to an extent 
depending on their mosaic epigenotype. Possibly, the lack of presentation reflects 
the somatic mosaicism of the patients, with critical target tissues being spared. 

Alternatively, the interaction of genetic pathways affected by these different 
imprinted genes gives rise to a primary clinical presentation, with other clinical 
disorders being ameliorated. Also, it is not possible to exclude that the observed 
loss of methylation at ICRs other than KCNQ1OT1 is limited to blood leukocytes. 
Clearly larger cohort studies, with extensive clinical and epigenetic 

characterisations, are warranted. 

Consistent with the French study, hypomethylation was incomplete in most cases, 
indicating epigenetic mosaicism, probably arising postfertilisation.9 It cannot be 

excluded, however, that an imprinting defect originating in the gametes results in 
unstable methylation of the ICRs afterwards. The loss of methylation may arise 
stochastically or as a consequence of defective trans-acting factor or environmental 
cause. The use of assisted reproduction technology (ART) can be excluded as a 
cause, as the frequency of ART-associated cases is not increased among the 

patients with multiple hypomethylation in both the French9 and our studies (Table 
2). Our results also exclude defects in the DNMT3L gene as a common cause of 
multiple hypomethylation in the BWS. The multi-zinc finger ZFP57 gene has been 
implicated in the aetiology of multiple hypomethylation in TND.18 This protein, 

which is enriched in undifferentiated ES cells, may be required for the maintenance 
of DNA methylation at specific ICRs in early embryogenesis. It is possible that a 
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defect in a similar regulatory protein is involved in multiple hypomethylation in 
BWS. 

Functional interactions between imprinted genes controlling embryo growth have 

been proposed on the basis of similar expression patterns.13, 26 In addition, the 
product of the PLAGL1 gene has been shown to bind in vitro the KCNQ1OT1 ICR and 
activate the expression of the non-coding KCNQ1OT1 RNA.13 Also, extensive 

networks of intra- and interchromosomal interactions were demonstrated among 
imprinted domains.27 As a consequence of these interactions, it is possible that 
epigenetic alterations at one locus may result in abnormalities at other loci. 

In conclusion, hypomethylation at multiple maternally methylated imprinted loci, 

including KCNQ1OT1, MEST, GNAS/NESPAS, PLAGL1 and IGF2R, is associated with 
atypical BWS presentations. These cases may be an example of a group of more 
generalised imprinting disorders resulting from defects in the imprinting 
maintenance factors. Further investigation will be necessary to identify the 

involved gene(s) and better define the phenotypes associated with these complex 
disorders. 
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Supplementary Figure 1 
 

 

Supplementary Figure 1. 

KCNQ1OT1 ICR hypomethylation, 

as determined by Southern 
blotting. Examples of Southern 

blot analysis of KCNQ1OT1 ICR 
methylation in the DNAs of BWS 

patients with multiple 
methylation defects and controls. 

10 mg DNA was digested with 

BamHI (B) and NotI (N) and 
hybridised to either one of the 

DNA probes indicated (probe 1 for 
samples 1-8 or probe 2 for 

samples 11-15). The bands 
corresponding to methylated and 

unmethylated DNAs and the 

unme/me ratios are indicated. 
Note that migration of DNA 

fragments in different gels is not 
comparable because of different 

electrophoresis runtime. 

Supplementary Figure 2 
 

 

Supplementary Figure 2. Analysis 
of methylation at satellite DNAs in 

BWS patients with multiple 
methylation defects. 2 mg DNA of 

a control individual and patients 

BWS1-4 were digested with HpaII, 
MspI and McrBC, in separate 

tubes. Blots were hybridised with 
oligonucleotide probes specific 

for satellite 2 of chromosomes 1 
and 16 and satellite 3 of 

chromosome 9. The bands that 

are visible in the Msp1 lanes of 
the left panel (and weakly in the 

right panel) correspond to 
repetitive sequences. 
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ABSTRACT 

Beckwith Wiedemann syndrome (BWS) is a growth disorder for which an increased 
frequency of monozygotic twinning has been reported. With few exceptions, these 
twins are discordant for BWS and female. 

Here we describe the molecular and phenotypic analysis of 12 BWS twins and a 

triplet; 7 twins are monozygotic, monochorionic and diamniotic, 3 twins are 
monozygotic, dichorionic and diamniotic and 3 twins are dizygotic. 12 twins are 
female.  

In the majority of the twinpairs (11/13) the defect on chromosome 11p15 was 

hypomethylation of the paternal allele of DMR2. In 5/10 twins, there was additional 
hypomethylation of imprinted loci; in most cases the loci affected were maternally 
methylated, but in two cases, hypomethylation of the paternally-methylated DLK1 

and H19 DMRs was detected, a novel finding in BWS.  

In buccal swabs of the MZ twins that share a placenta, the defect was present 
only in the affected twin; in lymphocytes comparable hypomethylation was 

detected in both twins. The level of hypomethylation reached levels below 25%. 
The exchange of blood cells through vascular connections cannot fully explain the 
degree of hypomethylation found in blood cell of the non affected twin. We 
propose an additional mechanism through which sharing of aberrant methylation 
patterns in discordant twins, limited to blood cells, might occur.  

In a BWS discordant MZ triplet an intermediate level of demethylation was found 
in one of the non-affected sibs, this child showed mild signs of BWS. This finding 
supports the theory that a methylation error proceeds and possibly triggers the 

twinning process. 
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Beckwith and Wiedemann (1, 2) reported a syndrome of macroglossia and 

omphalocele, associated with adrenal cortical cytomegaly, foetal gigantism, and 
other abnormalities. Beckwith-Wiedemann syndrome (BWS) is thus characterized by 
overgrowth during foetal development and, as subsequently documented, a 
markedly increased susceptibility to certain childhood turmours (3,4,5,6). 

Two imprinted gene clusters on chromosome 11p15.5 are involved in the 

aetiology of BWS. The more telomeric cluster (BWSIC1) contains the embryonal 
growth factor IGF2 and a non-coding RNA, H19, expressed from the paternally- and 
maternally-derived alleles respectively. Parentally-restricted expression of the 

genes in this cluster is regulated via an imprinting centre (IC1) that contains a 
differentially methylated region, DMR1 (DMRH19), located within the promoter of 
H19. The more centromeric cluster, under the control of Imprinting Centre 2 
(BWSIC2), contains the cell cycle inhibitor CDKN1C and an antisense RNA, 
KCNQ1OT1. Expression of these genes is regulated by a maternally-methylated  

imprinting centre (IC2) containing a DMR (DMR2 or KvDMR) located within KCNQ1 
(see figure 1). 

 

Figure 1. Imprinting clusters on chromosome 11p15 
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Among BWS patients different genetic and epigenetic lesions of 11p15 have been 
detected. In the majority of patients an imprinting defect is present: 55% of 
patients manifest loss of maternal methylation of DMR2, and 5% have gain of 

methylation of DMR1 on the maternal chromosome.  In 20% of patients genetic 
defects of 11p15 such as uniparental disomy, translocations and trisomies have 
been detected, and 5% of patients have loss of function mutations in CDKN1C; in 
the remaining patients the cause of disease remains unknown (7,8,9,10)  

In a subset of BWS patients (20%) with an imprinting defect of DMR2, additional 

loss of methylation has been detected at other imprinted loci throughout the 
genome, including PLAGL1, NESPAS, PEG3, IGF2R, SNRPN and GRB10 (11,12)) 
Hypomethylation of multiple maternally methylated imprinted loci, including 

KCNQ1OT1, was also described in patients with transient neonatal diabetes (13). 

Phenotypic discordance between monozygotic (“identical”) twins is a well-
recognised though incompletely-understood phenomenon.  Monozygotic (MZ) twins 

occur in the population at a rate of 3-4 per 1000 births and at a sex ratio 
approximating 1:1, although female twinning is more prevalent in later twinning 
events (14). MZ twins derive from a single zygote and are therefore genetically 
identical apart from somatically acquired (epi)mutations.  Monozygotic twinning 

occurs in a time-frame spanning 4 to 9 days after conception, and the 
developmental stage of twinning is indicated by the resultant placentation of the 
twins. 

Twenty-five percent/one third of MZ twins have separate placentas; dichorionic 

monozygotic (DC-MZ) twinning is postulated to occur 0-4 days after fertilization, 
before the formation of the blastocyst.  Monochorionic (MC-MZ) twins result from 
twinning events approximately >4 days after fertilization, after the chorion is 
formed and therefore share a placenta.  The majority of MC-MZ twins have separate 

amniotic membranes (diamniotic); in the rare cases where twinning occurs 
relatively late (<5%) the twins also share a single amniotic sac.   

In contrast with MZ twins, dizygotic (DZ) twinning occurs when two oocytes 

mature and become fertilized by two different sperm cells at the same time. DZ 
twins have equivalent genetic concordance to siblings. The frequency of dizygotic 
twinning is about 9-20 per 1000 live births in Europe and the sex ratio approximates 
1:1 (15). DZ twins have separate placentas and amniotic membranes; although 

occasionally the placentas can be fused and vascular connections may be present. 

In the literature a large number of BWS twins have been described.  Remarkably, 
the great majority of BWS twins are monozygotic, but they are discordant, ie one 
twin presents with BWS while the other is unaffected (though an unaffected twin 

may have some features of disease).  Moreover, the majority of BWS twins show 
hypomethylation of DMR2.  There is a striking excess of female twins, suggesting a 
possible mechanistic link with X-inactivation (XI) (16). 

Machin (17) hypothesised that discordancy of XI in MZ twinning may result from 

mutual repulsion of cell clones with different XI.  Bestor (18) further proposed that 
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failure of DNA methylation maintenance in a single cell in early zygotic 
development could introduce epigenetic and hence functional asymmetry into the 
zygote, and potentially precipitate a twinning event.  Bestor suggested that 

complete discordance, with no normally-imprinted cells in one twin and no 
aberrantly-imprinted cells in the other, would arise from a twinning event close to 
the time of the imprinting error, whereas temporal dissociation of these events 
might lead to partial discordancy where the affected twin was mosaic for normal 
and aberrantly-imprinted cells. 

In a cohort of 250 BWS patients described by Weksberg (19), the frequency of MZ 
twinning was 8% as compared with 1% DZ twinning;  in all MZ twins (10/10) there 
was phenotypic discordance and hypomethylation of DMR2 was the cause of 

disease, and 8/10 pairs were female.  In a cohort of 79 patients Gaston identified 
five multiple births: two sets of MZ female twins, two female DZ twin pairs and one 
DZ twin pair of mixed sex. The two MZ twin pairs both showed hypomethylation at 
DMR2.  It was postulated that DMR2 hypomethylation resulted from a failure of 

maintainence methylation either coincident with or shortly after the twinning event 
(19). 

Other genetic defects have been found in BWS twins; a mutation in CDKN1C 

(Squire et al 2001), uniparental disomy in a male MZ twinpair (20) and a mosaic 
trisomy 11p15 in a female MZ twinpair (21). 

In the majority of BWS cases, molecular diagnosis relies on analysis of leukocyte-

derived DNA. In two large studies (19,22) DMR2 hypomethylation was found in DNA 
derived from blood samples of both the affected and non-affected twins of 
discordant twin pairs. It has been proposed that aberrant methylation in the blood 
of the healthy twin  is caused by vascular connections in the placenta that is shared 
by both monozygotic (monochorionic, diamnionic) twins (19). 

In this study we describe the epigenetic and phenotypic analysis of 13 discordant 
BWS twin pairs, including DZ, DC-MZ and MC-MC pairs. We determined the nature 
and frequency of their epigenetic defects at 11p15 and at other imprinted loci, and 

we investigated whether vascular connections could account for the epigenetic 
anomalies seen in healthy twins of discordant BWS. 

MATERIALS AND METHODS 

Most twins were referred to our laboratory for routine diagnostic screening for 
BWS. Twin 7 is described by (21) and twin 8 was referred to us by Dr. L.M. Yates, 
Newcastle on Tyne, UK) for research purposes. DNA was extracted from blood 
lymphocytes, buccal swabs and/or saliva.  

Clinical data were obtained by sending questionnaires to referring paediatricians. 
Data on placentation were obtained, when available, from the original pathologic 
report of the placenta. Birth weight centiles were calculated according to Gielen et 
al (23). 
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Zygosity was established with the use of PowerPlex 16 (Promega). Zygosity testing 
was performed on DNA isolated from buccal swabs when available; in all other cases 
it was performed on DNA isolated from blood lymphocytes. Methylation analysis of 

DMR1 and DMR2 were performed either by southern blot analysis as described 
before (Bliek et al 2001) or by HRMA as described by M. Alders (24) and MS-PCR as 
described before (13). Analysis of loci other then chromosome 11p15 were performed 
by MS-PCR. 

X chromosome inactivation was performed as described by Allen et al (25) and 

calculated according to Horsthemke et al. (26). 

RESULTS 

Zygosity, placentation and female-to-male ratio 

The findings concerning zygosity, placentation and female-to-male ratios are 
summarized in table 1. 

The rate of monozygotic twinning is increased among BWS patients. Our 

diagnostic laboratory received 13 BWS twin pairs (12 twins and 1 triplet) among 400 
BWS patients referred for routine diagnostic screening. The dizygotic twinning rate 
was normal compared to the normal population (0.75 (3/400) vs. 0.70-1.1%). The 

monozygotic twinning rate was increased, with a frequency of 2.5% (10/400) 
compared to 0.3-0,4% among normal twins (27,19). The distribution of monochorionic 
and dichorionic twins among MZ twins was similar to that in the normal population. 

All three DZ twins were female, 9/10 MZ twins were female. Although numbers 

are small, this differs from what is observed among normal twins where there is 
very small shift towards females (0.496 to 0.512 (27) and consistent with the findings 
of Weksberg et al (19). 

(Epi) Genotype 

The methylation profiles of all twins are summarized in table 2. 

In 11/13 cases the (epi) genetic defect was hypomethylation of the maternal 

DMR2 (KCNQ1OT1). In one case (twin 7) a mosaic trisomy of chromosome 11p was 
found resulting in an increased methylation level of DMR1(H19) and a decreased 
methylation level of DMR2 (KCNQ1OT1). In one case (twin 12) there was no 
detectable genetic defect. A CDKN1C mutation was excluded in these twins. 

In six of the seven MZ twins that share a placenta (MZ MC-DA) demethylation of 

DMR2 could be detected in blood of both the affected and the non-affected twin. In 
buccal swabs, the defect was present only in the twin with the BWS phenotype in 
five twins (fig 2A). A different situation is present in the triplet 3A-3C (fig 2B). The 

affected sib (3A) showed a similar degree of hypomethylation in DNA from buccal 
swab and from blood. The second sib (3B) also showed aberrant methylation in her 
buccal swab, but at a lower level then in blood. No loss of methylation could be 
detected in the third sib (3C).  
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Table 1. Zygosity, placentation and female-to-male ratio 

Zygosity 

 Dizygotic(DZ) Monozygotic (MZ) 

BWS twins in this study 3 10 

Percentage of BWS patients 

(400) 
0,75% 2,5% 

Population prevalence 0.7-1.1% 0.3-0.4% 

Placentation 

 Dizygotic (DZ) 
monochromic 

diamniotic (MC-DA) 

dichorionic 

diamniotic (DC-DA) 

BWS twins in this study 3 7 3 

Percentage of MZ twins (10) - 70% 30% 

Percentage among normal 

twins 
- 66.6% 33.3% 

Female-to-male ratio (Female/Male) 

 Dizygotic (DZ) Monozygotic (MZ) 

BWS twins in this study 0.00 (3/0) 0.900 (9/1) 

Prevalence among normal 

MZ twins 
0.496 0.514 

Zygosity, placentation and female-to-male ratio of 13 BWS twins in this study compared with 
normal twins. Data on zygosity and placentation in the normal population are obtained from 
(39) data on the normal female-to-male ratio are obtained from (14). 

Blood samples of the triplet were taken with a six year interval.  Methylation 
levels are comparable between the two samples taken from each twin, and also 
comparable with DNA from saliva of all three sibs. The tongue of twin 3A was 

surgically reduced, and DNA isolated from this material showed a equal level of 
LOM compared to lymphocyte DNA 

 In the remaining MZ twin that shared a placenta (twin 7) the percentage of 

trisomic cells was determined in blood and fibroblasts of both twins (21). In blood of 
both twins 50% trisomic cells were detected, whereas they were absent in 
fibroblasts of the non-affected twin.  

In all (6/6) twins, both MZ and DZ, with separate placentas the demethylation of 

DMR2 was only detected in blood of the affected child. An exception is twin 10, 
where mild demethylation is found in the affected twin, and more severe 
demethylation is detected in the non-affected twin. 
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Figure 2. Methylation analysis A. Results of methylation analysis of DMR2 of twin 6 
performed by southern blot.[Bliek et al., 2001] Left lanes DNA isolated form blood 
lymphocytes, right lanes DNA isolated from buccal swabs. NotC: probe to monitor complete 
digestion. B. Results of methylation analysis HRMA (Alders et al 2008) C. Results methylation 
analysis of H19 (DRM1) by MS-PCR (Mackay et al 2006). D.Results methylation analysis of H19 
(DRM1) by HRMA of twins 2 and 11. C1-3 control samples with increased methylation levels, 
C4, control with decreased methylation level, N normal control.  
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Table 2. Epigenetic data 
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MZ, MC-DA 

             

1A  wt 0.08 A3 wt wt 10.5 1,7 9,0 wt wt wt wt 

1B wt 0.08 wt wt wt 8.5 1.7 9,0 wt wt wt wt 
             

2A A1 0.20 A2 1.4 3,0 2,0 1,4 3,0 4,0 3,0 wt 5,0 

2B A1 0.21 wt 1.4 3,0 2,0 1.4 3,0 4,0 3,0 wt 5,0 
             

3A wt 0.10 A3 wt wt 3.5 2.5 wt 2,0 wt wt wt 

3B wt 0.07 A2 wt wt 5.0 2.5 wt 2,0 wt wt wt 

3C wt 0.10 N wt wt 4.0 2.5 wt 2,0 wt wt wt 
             

4A wt 0.12 A2 wt wt 5,0 wt wt wt wt wt wt 

4B wt 0.19 wt wt wt 3.5 wt wt wt wt wt wt 
             

5A wt 0.25 A2 wt wt 2.0 2,0 wt wt wt wt wt 

5B wt 0.22 wt wt wt 2,0 2,0 wt wt wt wt wt 
             

6A wt 0.18 A2 wt wt 3.0 wt wt wt wt wt wt 

6B wt 0.19 wt n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 
             

7A3 0.66 0.33 n.a. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 

7B 0.71 0.35 n.a. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 
             

MZ, DC-DA 

             

8Am wt 0.20 A2 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 

8Bm wt wt wt n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 
             

9A wt 0.12 n.a. wt wt 9.5 wt wt wt wt wt wt 

9B wt wt n.a. wt wt wt wt wt wt wt wt wt 
             

10A wt A3 A2 wt wt 1.4 wt wt wt wt wt wt 

10B wt A2 n.a. n.d.. n.d.. n.d.. n.d.. n.d.. n.d.. n.d.. n.d.. n.d.. 
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DZ 

             

11A A1 0.23 A2 1.3 1.7 4.5 2.5 wt wt wt wt 6,0 

11B wt wt wt wt wt wt wt wt wt wt wt wt 
             

12A4 wt wt n.a. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 

12B wt wt n.a. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 
             

13A wt 0.35 A2 n.d. wt 1.4 wt wt wt wt wt wt 

13B wt wt wt n.d. wt n.d. wt wt wt wt wt wt 
             

Epigenetic data of 13 BWS twins. Twin A: BWS twin, twin B: non-affected twin. Paternally 
imprinted genes are indicated in italics, all other loci are maternally imprinted. Wt: wild 
type. N.d.: not done. N.a. not available. M : male twin pair, 1. Methylation studies 
performed by HRMA (results denoted in letters representing a relative level of the defect (24)) 
of southern blot analysis (results denoted in numbers representing the methylation index (9); 
2. methylation studies performed by MS-PCR (results denoted numerically, where 1=normal, 
hemizygous methylation and numbers >1 represent increasing levels of hypomethylation) 3. 
mosaic trisomy 11p15 detected (21) 4. CDKN1C mutation analysis negative. 

Methylation on loci outside the 11p15 region was analysed in 10/13 twins of this 
study. In 50 % (5/10) hypomethylation of at least one other imprinted locus was 
detected (4/6 MZ MC-DA:, 0/2 MZ DC-DA and 1/2 DZ).  

In two cases (twin 2 and twin 11) a modest degree of demethylation of two 

paternally imprinted genes, H19 and DLK1, was observed. The decreased 
methylation level of H19 was detected both by HRMA and MS-PCR (see figure 2C and 
2D). In both twins the H19 region analysed by HRMA was sequenced, revealing no 
SNP’s in the fragment. 

Levels of demethylation were comparable between the sibs of each twin pair at 
all loci analysed.  

In addition, the methylation levels of DMR2 were also studied in saliva of twin 1, 

4 and 10. They showed, like in blood, demethylation of DMR2 in both the affected 
and non-affected twin  

The level of X-inactivation was determined in twins 1, 6 and 13. The inactivation 

levels of both twins were almost identical (1A: 79%; 1B: 74%, 6A: 73%, 6B: 69%; 13A: 
79%, 13B: 64%) and not skewed. 
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Table 3. Clinical data of 13 BWS twins. 
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MZ, MC-DA 

1A yes 1485 32 4/7 P10 - x - x x x x x alfa-foetoprotein , 
proptosis, anaemia 

1B  1645  P25 - - - - - - - -   

2A yes 880 28 6/7 P3 - - x - - x - x   

2B  900  P3 - - x - - x - -   

3A yes 1517 31 P50 - x x - - x x - AAT 

3B  1745  P90 - x - - - x - - AAT 

3C  1480  P50 - - - - - x - - AAT 

4A no u u u u u u u u u u u   

4B  u u u u u u u u u u u   

5A yes 2470 35 3/7 P90 - x x x - x - - Polycythaemia TTTS 

5B  1910  P10 - - - - - x - - TTTS 

6A no 3400 37 >P97 x x x x x x x -   

6B  2980  P97 x - x - - - - -   

7A n.d. 2000 30 >P97 x  x - - - x - TTTS (acceptor), 
developmental delay 

7B  1410  P75 - - - - - - - - TTTS (donor) 

MZ, DC-DA 

8Am n.d. 3350 38 P97 x x - - - x - x   

8Bm   
2950  P90 

- - - - - x - - Right orbital 
heamangioma  

9A no 2020 35 P25 - x x x - - - -   

9B   2300  P90 - - - - - - - -   

10A no 1800 36 3/7 P3 - x x - x - x x part of triplet, third 
child died at birth 
because of heart 
defect.  

10B  2330  P50 - - - - - - - -   

DZ 

11A yes 2730 35 >P97 x x - - x x - x   

11B   2830  >P97 x - - - - - - -   

12A n.d. u u u x x x - - - - x hemangioma  

12B   u u u - - - - - - - - mental retardation 

13A no 2880 36 P97 x x x - x x - -  

13B  2220  P10 - - - - - - - -   

Clinical data of 13 BWS twins. Twin A: BWS twin, Twin B: non-affected twin 
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PHENOTYPE 

The phenotypic data of the BWS twins are summarized in table 3. 

All twins, DZ and MZ, were discordant for clinical manifestations typical for BWS. 

in almost all cases the genetic defect is demethylation of DMR2. Relative birth 
centiles were calculated against twin referents (23). Of the three major criteria, 
macrosomia (birth weight >P97), macroglossia and abdominal wall defects, 
macrosomia was present only in 5/11 of the affected twins (twin 6, 7, 11, 13). In 

4/10 cases the unaffected twin had a higher birth weight compared to the affected 
twin (twin 1, 3B, 9, 10). Macroglossia was present in 10/11 twins whereas in 9/11 
cases an abdominal wall defect was present (in most cases an umbilical hernia). In 
two twins (twin 5 and 7) the twin-to-twin-transfusion syndrome (TTTS) was 
observed, with the affected twin as recipient and the unaffected twin as donor.  

In many of the twins the duration of the pregnancy was shorter than the average 
for normal twins (37 weeks (23). Three out of six twins (twin 1, 2 and 3) with 
complex demethylation the duration was <33 weeks, and the twin with trisomy was 

also born preterm (30 weeks).  

In 4 MZ MC-DA twins some signs of BWS were present in the non-affected twin: 
twin 2B had an abdominal wall defect (umbilical hernia) and hypoglycaemia at 

birth, twin 3B had macrosomia and mild macroglossia whereas both twin 3B and 3C 
had hypoglycaemia, twin 5B also showed hypoglycaemia and twin 6B had an 
abdominal wall defect (umbilical hernia). None of the non-affected twins fulfilled 
the clinical criteria for BWS. 

DISCUSSION 

This study extends our current understanding of the relationships between MZ 
twinning, early developmental processes and epigenetic disorders.  We confirm 
previous observations that MZ twinning rates are increased among BWS patients, 

that BWS MZ twins are predominantly discordant and frequently female.  However, 
our observations present some challenges to current hypotheses about the 
mechanisms and consequences of DMZ twinning. 

Excess of twins and females in BWS patients. 

In our cohort, we identified 13 twin pairs (12 twinpairs and one triplet) among 
400 BWS patients (3%):  three were DZ (0.8%), a frequency similar to that in the 
normal population, whereas ten were MZ, or 2.3% compared to 0.3% in the normal 
population. The excess of MZ twins among BWS patients with DMR2 
hypomethylation suggests that the methylation defect and the twinning process are 

correlated. All the MZ BWS twins were diamniotic suggesting that the shared 
causative event occurred at approximately days 4-9 of zygotic development.  

This study also confirms the excess of females among BWS multiple births, since 

12/13 twins described were females. This female excess might be the related to X-
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chromosome inactivation, twinning, BWS or all of these.  We, like Weksberg et al 
(19), found no evidence for a specific association between skewed X-inactivation and 
BWS among our MZ twins.  It is possible that the biological mechanisms of X-

inactivation interfere or interact with maintenance of methylation at autosomal 
imprinted loci. However, because X-inactivation occurs only in females, and some 
male monozygotic twins discordant for BWS have been described, the process of X-
inactivation itself cannot be the only factor impacting on the methylation of the 
BWS locus. 

Excess of LOM of DMR2 in BWS twins 

In the majority of twins (11/13) a methylation defect of DMR2 could be detected, 
supporting the theory of Bestor that a failure of methylation maintenance results in 
twinning and a methylation defect in the affected twin. However, Bestor’s theory 

raises the question why not all methylation defects result in twinning, while the 
majority of the BWS cases are singletons. An explanation might be that twinning did 
occur in all cases but that the second foetus was resorbed early in pregnancy 
(vanishing twin, reviewed by (28). 

In one case (twin 12) the genetic cause is unknown, whereas the genetic cause of 

BWS in twin 7 is trisomy 11p15. The latter case is not a methylation defect as such, 
but was probably caused by a mitotic non-homologous recombination event. That is 
also observed by O’Donnell et al in a twin discordant for  trisomy 21 (29) and by 

Rohrer et al . (30) in a twin discordant for the Turner Syndrome.  

Excess of HIL in twins 

This study demonstrates for the first time that a subset of discordant MZ twins 
with BWS manifest hypomethylation of multiple imprinted loci (HIL). This multiple 

hypomethylation has been described in approximately 25% of patients with BWS 
caused by hypomethylation of DMR2, (11),Bliek et al 2008). The HIL in this cohort 
differs from the previous studies in two respects:  firstly, it was present in 4/7 of 
the twins of whom material was available, and secondly, it affected not only 
maternally-methylated loci but also the paternally-methylated loci H19 and DLK1.  

It remains to be seen whether it has a different underlying biology from that seen in 
singleton BWS cases, or whether a genetic cause exists like the mutation of ZFP57 
seen in some patients with transient neonatal diabetes and HIL (31). 

Presence of anomaly in blood and not (generally) in buccal cells of unaffected 

twin. 

Part 1: anomaly present in blood of both twins 

In all twins with shared placentation, in leukocyte DNA aberrant methylation was 
found in both the affected twin and the healthy twin.  Since 70% of all MZ 
monochorionic twins share blood via vascular connections (15) it is generally 

postulated that the aberrant methylation found in the blood of the unaffected twin 
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results from foetal circulation sharing via shared blood vessels in the placenta. This 
exchange includes the exchange of haematopoietic stem cells present in circulating 
blood (29,32).  

However, for two reasons this theory does not explain the observation that 
equivalent and severe hypomethylation was detected in leukocyte DNA of both 
affected and unaffected twins.   

 

 

Figure 3. Stemcell exchange: Schematic representation of complete exchange of 
lymphocytes and HSC (in blood and bone marrow) between an affected twin with 
demethylation of DMR2 in all cells and its non-affected sib 

First, even in a case of complete hypomethylation in an affected twin, circulation 
sharing would be expected to result in an apparent twofold hypomethylation in the 
blood of both twins (fig 3).  In this study the twins 1, 3, 4 and 6 show methylation 
levels indicating the presence of more then 75% aberrant lymphocytes in blood of 
both the affected and non-affected twin. This is also observed in other studies  (19). 

Secondly, since the fraction of aberrant cell is about equal in both twins, the 
haematopoietic stem cell (HSC) pool is expected to be identical. The exchange of 
the entire HSC population via vascular connections seems unlikely, since the 

majority of the HSCs home early in development to either spleen, liver and in a 
later stage to the bone marrow (fig 4). Therefore the severe hypomethylation 
sometimes seen in the blood of both twins may derive not merely from circulation 
sharing, but rather from a common source of HSCs with aberrant methylation. 

The first signs of blood cell and vessel formation (angiogenesis and 

vasculogenesis) are found in the mesoderm of the yolk sac (reviewed by (33)). The 
yolk sac is an early discernable structure in embryonic development, the anlagen of 
which is formed during the second week of gestation in the human embryo. 
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Figure 4. Localization of stem cell during fetal development. Adapted from the Nederlands 
leerboek der hematology (2nd edition (Halie 1987). 

It faces the lower surface of the embryonic disk, comparable to the amnion which 
faces the upper surface. The first phase of gastrulation is characterized by the 

formation of extra-embryonic mesoderm which covers both the amnion and the yolk 
sac membranes. In a later stage, when the embryonic disk start to fold, part of the 
yolk sac is incorporated in the embryonic body and will give rise to the intestinal 
tract and parts of the urogenital system. It is no surprise that the first HSCs appear 

in the yolk sac mesoderm, since in all non-placental vertebrates the contents of the 
yolk sac are the only source of nutrients to the developing embryo, the use of which 
requires a circulatory system.  

Up to recently it was assumed that adult HSCs originate from the embryonic 

aorta-mesonephros-gonad (AMG) region and that the HSC precursors found in the 
yolk sac only serve the gastrulating embryo [reviewed by (34)]  However, 
Samokhvalov et al (35) have unequivocally shown that in mice adult HSCs are indeed 
derived from yolk sac precursors, at least partially. In view of our hypothesis that 

BWS twins share a common HSC source, one could imagine that the twinning 
process itself starts after the origin of this source, i.e. the extra-embryonic 
mesoderm covering the yolk sac, has formed. Although this only seems conceivable 
for monoamniotic twinning, the presence of a single yolk sac on ultrasound 

investigations in monochorionic diamniotic human twin pregnancies (as represented 
in fig.5) has been reported to occur to a degree that it is discouraged to use the 
number of yolk sacs to determine amnionicity (36). 

This hypothesis, that affected and non affected twin share a common yolk-sac, 

does not explain the fact that these aberrant cells account for more then 75% of all 
lymphocytes in both the affected and non-affected twin. That can only be 
explained if the yolk sac was derived from the affected twin only. 
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Figure 5. Common yolk-sac. Adapted from Langman’s Medical Embryology (9th Edition Sadler 
2008). Two separate mechanisms in yolk-sac formation during the development of 
monochorionic diamniotic (MC-DA) monozygotic twins. 

Another option, that HSC’s with a methylation defect have an growth advantage 
over normal cells and therefore replace the normal cell in the HSC pool, is not 

likely because methylation studies performed at different time points in BWS 
patients show stable methylation levels during life (see twin 3 in fig 2B and 
unpublished results D. Mackay) It can not be excluded that HSCs have a growth 
advantage only during a certain stage of development and not after birth. It should 
also be noted that DNA derived from saliva samples contain primarily leukocyte 

DNA, and therefore, like blood-derived DNA, cannot be used to distinguish 
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discordant twins.  Genetic testing in these cases should be performed on other 
tissues such as buccal swabs. 

Part 2: anomaly not (normally) in buccal cells of unaffected twin. 

We observed that in twins with shared placentation, imprinting anomalies seen in 
leukocyte DNA of both twins were, generally, seen in buccal swab DNA of only the 
unaffected twin.  In the triplets that shared a single placenta, LOM of DMR2 was 
detected in DNA isolated from buccal swabs from the affected (3A) and the mildly 
affected twin (3B). Triplet 3A had similar levels of LOM in blood and buccal swab 

DNA, whereas triplet 3B showed milder hypomethylation in buccal swab than in 
blood. Buccal swab DNA from 3C showed normal methylation. 

The presence of a methylation defect in two out of three triplets indicates it 

must have arisen before splitting of the zygote; the unequal methylation defect in 
the affected triplets suggests unequal distribution of aberrant cells in the twinning 
process. This supports the theory of Bestor (18) that the methylation defect precedes 
and possibly triggers the twinning event.  The BWS features in triplet 3B may result 

from the small population of methylation-defective cells in this individual. 

Imperfect phenotypic discordance – cause is either low level of aberrant cells 

or altered gene expression transferred via circulation 

No twins in our series were concordant for BWS, but in 4/10 MZ cases signs of BWS 
such as macrosomia, abdominal wall defects, macroglossia and hypoglycaemia were 

seen in healthy twins.  This was also observed in previous case reports.  The 
unaffected twin of a MZ pair described by Clayton-Smith showed macroglossia, 
naevus flammeus and earlobe creases. (37,38). In another MZ twin pair (16), the 
unaffected twin showed a small umbilical hernia, and transient neonatal 

macroglossia and naevus flammeus  were observed by Olney in a further unaffected 
MZ twin (37).  In none of these three cases the aetiology of disease was established.  
By contrast, Smith (20) described a twin pair with DMR1 hypermethylation who were 
concordant but showed minor phenotypic differences, twin A presenting with 
umbilical hernia and twin B with naevus flammeus. The BWS features present in 

less-affected twins may, like those in the triplets 3A-3C, be explained by a low 
level of mosaicism in certain tissues of these individuals. Possibly the number of 
aberrant cells in buccal swabs of these individuals does not reach detection levels 
of the methylation test.  It is also possible that less-affected twins do not harbour 

cells with methylation defects, except in their circulation, but that altered 
expression of genes controlled of DMR2 in the circulation may cause their BWS 
features.  

In conclusion, we have confirmed the prevalence of MZ twins with discordant 

presentation and of female twins among BWS patients.  In addition, we showed that 
the majority of twins share a placenta, in contrast to the general population of 
monozygotic twins. We have shown that 5/10 discordant MZ BWS twins have a 
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generalised hypomethylation of imprinted genes - including, uniquely, paternally-
methylated loci - throughout the genome. We show that methylation patterns and 
phenotypes of a BWS triplet support the theory that methylation failure precedes 

and possibly triggers the twinning process.  We propose a mechanism, involving 
migration of the blood cell precursor cells from the yolk sac to both twins, in order 
to explain the similar aberrant methylation found in blood cells of discordant twin 
pairs. 

ACKNOWLEDGEMENTS 

We would like to thank S. Kant, D. Marcus-Soekarman and L. Yates for the 
assessment of the patients and collection of clinical data .We thank E. Roos for the 
lay-out of the figures in this manuscript. And we kindly thank all twins and their 

families for participating in this study. 

REFERENCE LIST 

1. Beckwith JB: Extreme cytomegaly of the adrenal fetal cortex, omphalocele, 
hyperplasia of kidneys and pancreas, and Leydig-cell hyperplasia: Another 
syndrome? Western Society for Pediatric Research, Los Angeles 1963; November 
11: 

2. Wiedemann HR: Familial malformation complex with umbilical hernia and 
macroglossia: a new syndrome? J.Genet.Hum. 1964; 13: 223-232. 

3. Wiedemann HR: Tumours and hemihypertrophy associated with Wiedemann 
Beckwith syndrome. Eur.J.Pediatr. 1983; 141: 129-129. 

4. Sotelo-Avila C, Gonzalez-Crussi F and Fowler JW: Complete and incomplete 
forms of Beckwith-Wiedemann syndrome: their oncogenic potential. J.Pediatr. 
1980; 96: 47-50. 

5. Pettenati MJ, Haines JL, Higgins RR, Wappner RS, Palmer CG and Weaver DD: 
Wiedemann-Beckwith syndrome: presentation of clinical and cytogenetic data 
on 22 new cases and review of the literature. Hum.Genet. 1986; 74: 143-154. 

6. Debaun MR and Tucker MA: Risk of cancer during the first four years of life in 
children from The Beckwith-Wiedemann Syndrome Registry. J.Pediatr. 1998; 
132: 398-400. 

7. Weksberg R, Shuman C and Smith AC: Beckwith-Wiedemann syndrome. 
Am.J.Med.Genet.C.Semin.Med.Genet. 2005; 137C: 12-23. 

8. Cooper WN, Luharia A, Evans GA et al: Molecular subtypes and phenotypic 
expression of Beckwith-Wiedemann syndrome. Eur.J.Hum.Genet. 2005; 13: 
1025-1032. 

9. Bliek J, Maas SM, Ruijter JM et al: Increased tumour risk for BWS patients 
correlates with aberrant H19 and not KCNQ1OT1 methylation: occurrence of 
KCNQ1OT1 hypomethylation in familial cases of BWS. Hum.Mol.Genet. 2001; 10: 
467-476. 

10. Reik W and Maher ER: Imprinting in clusters: lessons from Beckwith-Wiedemann 
syndrome. Trends Genet. 1997; 13: 330-334. 



HAVEKA BV_17x24 75A

BWS twins 8 

 

149 

11. Rossignol S, Steunou V, Chalas C et al: The epigenetic imprinting defect of 
patients with Beckwith-Wiedemann syndrome born after assisted reproductive 
technology is not restricted to the 11p15 region. J.Med.Genet. 2006; 43: 902-
907. 

12. Bliek J., Verde G., Callaway JL et al: Hypomethylation at multiple maternally 
methylated imprinted regions including PLAGL1 and GNAS loci in Beckwith-
Wiedemann syndrome. Eur.J.Hum.Genet. 2008; 

13. Mackay DJ, Hahnemann JM, Boonen SE et al: Epimutation of the TNDM locus 
and the Beckwith-Wiedemann syndrome centromeric locus in individuals with 
transient neonatal diabetes mellitus. Hum.Genet. 2006; 119: 179-184. 

14. James WH: Sex ratio and placentation in twins. Ann.Hum.Biol. 1980; 7: 273-
276. 

15. Hall JG: Twins and twinning. Am.J.Med.Genet. 1996; 61: 202-204. 

16. Orstavik RE, Tommerup N, Eiklid K and Orstavik KH: Non-random X chromosome 
inactivation in an affected twin in a monozygotic twin pair discordant for 
Wiedemann-Beckwith syndrome. Am.J.Med.Genet. 1995; 56: 210-214. 

17. Machin GA: Some causes of genotypic and phenotypic discordance in 
monozygotic twin pairs. Am.J.Med.Genet. 1996; 61: 216-228. 

18. Bestor TH: Imprinting errors and developmental asymmetry. 
Philos.Trans.R.Soc.Lond B Biol.Sci. 2003; 358: 1411-1415. 

19. Weksberg R, Shuman C, Caluseriu O et al: Discordant KCNQ1OT1 imprinting in 
sets of monozygotic twins discordant for Beckwith-Wiedemann syndrome. 
Hum.Mol.Genet. 2002; 11: 1317-1325. 

20. Smith AC, Rubin T, Shuman C et al: New chromosome 11p15 epigenotypes 
identified in male monozygotic twins with Beckwith-Wiedemann syndrome. 
Cytogenet.Genome Res. 2006; 113: 313-317. 

21. Marcus-Soekarman D, Hamers G, Velzeboer S et al: Mosaic trisomy 11p in 
monozygotic twins with discordant clinical phenotypes. Am.J.Med.Genet.A 
2004; 124A: 288-291. 

22. Gaston V, Le BY, Soupre V et al: Analysis of the methylation status of the 
KCNQ1OT and H19 genes in leukocyte DNA for the diagnosis and prognosis of 
Beckwith-Wiedemann syndrome. Eur.J.Hum.Genet. 2001; 9: 409-418. 

23. Gielen M, Lindsey PJ, Derom C et al: Twin-specific intrauterine 'growth' charts 
based on cross-sectional birthweight data. Twin.Res.Hum.Genet. 2008; 11: 224-
235. 

24. Alders M, Bliek J, van der Lip K, van den Bogaard R and Mannens M: 
Determination of KCNQ1OT1 and H19 methylation levels in BWS and SRS 
patients using High Resolution Melting Analysis. Human Mutations 2008; 

25. Allen RC, Zoghbi HY, Moseley AB, Rosenblatt HM and Belmont JW: Methylation 
of HpaII and HhaI sites near the polymorphic CAG repeat in the human 
androgen-receptor gene correlates with X chromosome inactivation. 
Am.J.Hum.Genet. 1992; 51: 1229-1239. 

26. Horsthemke B, Nazlican H, Husing J et al: Somatic mosaicism for maternal 
uniparental disomy 15 in a girl with Prader-Willi syndrome: confirmation by cell 



8 BWS twins 

 

150 

cloning and identification of candidate downstream genes. Hum.Mol.Genet. 
2003; 12: 2723-2732. 

27. Hall JG: Twinning. Lancet 2003; 362: 735-743. 

28. Landy HJ and Keith LG: The vanishing twin: a review. Hum.Reprod.Update. 
1998; 4: 177-183. 

29. O'Donnell CP, Pertile MD, Sheffield LJ and Sampson A: Monozygotic twins with 
discordant karyotypes: a case report. J.Pediatr. 2004; 145: 406-408. 

30. Rohrer TR, Gassmann KF, Rauch A, Pfeiffer RA and Doerr HG: Growth of 
heterokaryotic monozygotic twins discordant for Ullrich-Turner syndrome during 
the first years of life. Am.J.Med.Genet.A 2004; 126A: 78-83. 

31. Mackay DJ, Callaway JL, Marks SM et al: Hypomethylation of multiple imprinted 
loci in individuals with transient neonatal diabetes is associated with mutations 
in ZFP57. Nat.Genet. 2008; 40: 949-951. 

32. Verona LL, Damian NG, Pavarina LP, Ferreira CH and Melo DG: Monozygotic 
twins discordant for Goldenhar syndrome. J.Pediatr.(Rio J.) 2006; 82: 75-78. 

33. Oostra R.J., Steding G., Lamers W.H. and Moorman A.F.M.: Steding's and 
Virágh's Scanning Electron Microscopy Atlas of the Developing Human Heart. 
2006; 

34. Ueno H and Weissman IL: Stem cells: blood lines from embryo to adult. Nature 
2007; 446: 996-997. 

35. Samokhvalov IM, Samokhvalova NI and Nishikawa S: Cell tracing shows the 
contribution of the yolk sac to adult haematopoiesis. Nature 2007; 446: 1056-
1061. 

36. Shen O, Samueloff A, Beller U and Rabinowitz R: Number of yolk sacs does not 
predict amnionicity in early first-trimester monochorionic multiple gestations. 
Ultrasound Obstet.Gynecol. 2006; 27: 53-55. 

37. Olney AH, Buehler BA and Waziri M: Wiedemann-Beckwith syndrome in 
apparently discordant monozygotic twins. Am.J.Med.Genet. 1988; 29: 491-499. 

38. Clayton-Smith J, Read AP and Donnai D: Monozygotic twinning and Wiedemann-
Beckwith syndrome. Am.J.Med.Genet. 1992; 42: 633-637. 

39. Hall JG: Twinning: mechanisms and genetic implications. Curr.Opin.Genet.Dev. 
1996; 6: 343-347 

 



HAVEKA BV_17x24 76A

 

 

 

   

Chapter9 9 
   

   

   

Phenotypic discordance upon 
paternal or maternal transmission 

of duplications of the 11p15 
imprinted regions 

  

   

   

   

   

   

   

   

   

   

   

   

   

   

   

   

   

   

   

J. Bliek, S. Snijder, S.M. Maas, R. Scott, A. 
Polstra, K. van der Lip, M. Alders, 

A.C. Knegt, M.M.A.M. Mannens. 
  

   

   

 Submitted to Eur J Med Genet   



9 Duplications 11p15.5 

 

152 

ABSTRACT 

Chromosome 11p15 harbours two clusters of imprinted genes, BWSIC1 and BWSIC2 
(Beckwith-Wiedemann Syndrome Imprinting Cluster 1 and 2).  Imprinting defects of 
the differentially methylated regions (DMR1 and DMR2) in both clusters result in 
opposite effects on prenatal growth. The Beckwith-Wiedemann Syndrome (BWS) is 
characterized by prenatal overgrowth; the Silver Russell Syndrome (SRS) is 

characterized by growth retardation.  

In this study we show that the parental origin of a duplication of chromosome 
11p15 defines opposing phenotypes because of its methylation status. In family A 

the transmission of a t(4;11)(q35;p15.5) translocation results, when unbalanced, in 
duplication of the 11p15 region. If this duplication is transmitted from the father, 
the extra chromosomal material has the paternal imprint. The presence of an extra 
methylated copy of DMR1 results in overexpression of an embryonal growth factor 
(IGF2) located in BWSIC1. In that case the patient shows an overgrowth phenotype. 

If the duplication is transmitted from the mother, the extra chromosomal material 
has the maternal imprint. The presence of an extra methylated copy of DMR2 
results in overexpression of a cell cycle inhibitor (CDKN1C), located in BWSIC2. In 
that case the patient displays growth retardation. 

In family B a small interstitial duplication limited to the BWSIC1 region results in 
an overgrowth phenotype when inherited from the father, analogous to family A. 
However, no change in phenotype is observed if the duplication is transmitted via 

the mother since the extra copy of this region does not result in a change in the 
expression of any of the growth related genes in this region. 
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INTRODUCTION 

Some genes in the human genome escape Mendelian inheritance; their expression 
depends on the parental origin of the chromosome on which the gene resides. This 
phenomenon is called genomic imprinting. Imprinted genes are clustered in 
chromosomal domains and monoallelic expression of the genes in these domains is 
controlled by imprinting control regions (ICRs). ICRs are often methylated in a 

parent-of-origin-specific manner. 

Most ICRs are less than a few kilobases in size and comprise sequences that are 
rich in CpG dinucleotides (CpG islands). The cytosine residues in these CpG islands 

are either methylated on the paternal or the maternal chromosome. Regions in ICRs 
containing these CpG islands are called Differentially Methylated Regions (DMRs). 

Chromosome 11p15.5 harbours two clusters of imprinted genes involved in the 

regulation of prenatal growth: Beckwith-Wiedemann Syndrome Imprinting Cluster 1 
and 2 (BWSIC1 and BWSIC2) [1]. In either cluster imprinted expression of genes is 
regulated via an imprinting control region, which contains a Differentially 
Methylated Region (DMR) [2,3]. 

The most distal cluster, BWSIC1 includes a non coding (nc) RNA H19 and a gene 

that codes for the embryonic growth factor: Insulin-like Growth Factor 2 (IGF2).  
DMR1 is situated in BWSIC1 in close proximity to H19. If DMR1 is unmethylated, H19 
is expressed while if it is methylated, IGF2 is expressed. In normal individuals the 

paternal allele of DMR1 is methylated, whereas the maternal allele is 
unmethylated; IGF2 is expressed from the paternal allele while H19 is expressed 
from the maternal allele [4]. 

BWSIC2 is located more centromeric on chromosome 11p15. It contains a non-

coding RNA KCNQ1OT1 and, among others, a gene that codes for a negative 
regulator of cell proliferation Cyclin Dependent Kinase Inhibitor 1C (CDKN1C). DMR2 
is located in the promoter of KCNQ1OT1. If DMR2 is unmethylated, KCNQ1OT1 is 

expressed while if it is methylated, CDKN1C is expressed. In normal individuals the 
paternal allele of the DMR2 is unmethylated, whereas the maternal allele is 
methylated; KCNQ1OT1 is expressed from the paternal allele whereas CDKN1C is 
expressed from the maternal allele [5]. 

Aberrant imprinting in the 11p15.5 region can result in two syndromes with 

opposite growth disturbances as reviewed by Eggermann [6]. Figure 1 shows a 
schematic overview of these aberrations. 

Children born with Beckwith Wiedemann Syndrome (BWS, OMIM 130650) have an 

increased birth weight, and show typical overgrowth related features such as an 
enlarged tongue (macroglossia), organomegaly, abdominal wall defects and 
hemihypertrophy. BWS is caused by epigenetic changes within the 11p15.5 

imprinted region [7,8,9]. 
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Figure 1. Schematic representation of the imprinted regions BWSIC1 and BWSIC2 on 
chromosome 11p15 and observed defects in BWS and SRS patients. 

In 5% of BWS patients the normally unmethylated maternal allele of DMR1 
becomes methylated, resulting in bi-allelic expression of IGF2 (MIM 147470). Over-
expression of Igf2 in mice results in most of the symptoms of Beckwith-Wiedemann 

syndrome [10]. 

In 55% of BWS patients the normally methylated maternal allele of DMR2 becomes 
demethylated, resulting in abolition of expression of CDKN1C [11]. Since Cdkn1c 

knockout mice show many of the BWS features [12], this gene is the key 
determinant in the overgrowth phenotype. 

In 20% of BWS patients both DMRs show aberrant methylation patterns, caused by 

the presence of two paternal copies of the 11p15.5 region (paternal uniparental 
disomy, pUPD). In 20% of BWS patients no genetic defect can be detected. 

A syndrome with opposite growth characteristics is Silver Russell Syndrome (SRS, 

OMIM 180860). Patients show intrauterine and postnatal growth retardation and a 
typical facial appearance. Although genetic changes in other chromosomal regions 
are observed [13], in one third of SRS patients the imprinted regions on 
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chromosome 11p15 are involved. In 30% of the SRS cases demethylation of the 
paternal allele of DMR1 can be detected [14,15,16,17]. In one case a maternally 
transmitted duplication of 11p15 was restricted to BWSIC2 [18]. 

Recently a familial translocation involving chromosomes 4p and 11p has been 
described [19]. The unbalanced translocation results in Wolf-Hirschhorn Syndrome 
(WHS) caused by a deletion of chromosome 4p16.3. However, the WHS phenotype in 

this family is modified by the accompanying duplication of 11p15. Maternal 
transmission of this duplication results in SRS-like features, while paternal 
transmission of the duplication results in a BWS-like phenotype. The authors 
postulate that the phenotypic differences may be the result of methylation defects 
in the 11p15 imprinting domains. 

In our study we describe two 3 generation families (see fig 2) with an inherited 
duplication of the chromosome 11p15.5. In family A two unbalanced carriers of the 
same der(4)t(4;11)( q35;p15.5) display different clinical features, whereas in family 

B a small duplication within chromosome 11p15.5 results in phenotypic variation. 

MATERIALS AND METHODS 

Routine procedures were used for G-banded chromosome analysis of cultured 

peripheral blood lymphocytes. For fluorescence in situ hybridisation (FISH) 
commercially available probes for the centromeric regions CEP4 and CEP11 (D11Z1) 
(Abbott Molecular, USA) and for the subtelomeres (Chromoprobe Multiprobe T 
System, Cytocell, UK) were applied according to manufacturer’s recommendations. 

A similar protocol was used for non-commercial probes GS31J3 (4qter), GS908H22 
(11pter), INS/IGF2 (11p15.5) and HRAS (11p15.5). 

Multiplex Ligation-dependent Probe Amplification (MLPA) was performed using 

SALSA MLPA ME030-B1 BWS/SRS kit for the 11p15 region following standard 
procedures (MRC Holland, The Netherlands). 

For comparative genomic hybridisation (CGH) an Oxford custom 2x105k array 

(design ID 019015) was used (21.7 Kb overall median probe spacing, 18.9 Kb in 
Refseq genes, Agilent, USA). Data were analysed using DNA Analytics 4.0.76 
software (Agilent, USA). 

Methylation of DMR1 and DMR2 was analysed by using High Resolution Melt 

Analysis (HRMA) as described before [20]. 

RESULTS 

Clinical findings family A 

Patient AII-3 was born after an uncomplicated pregnancy with a birthweigth of 1660 
grams and a length of 41 cm. From the beginning she had a relative large head 
circumference, brachydactyly of the fingers especially of the metacarpals of the 
fifth fingers, one crease. X-ray of the knees showed dysplasia of both patellae with 

lateralisation of the patellae.  
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Figure 2. Pedigrees of family A and B 

X-rays of the hands showed brachymesophalangy of the fifth finger of both hands 
and fusion of the lunate and triquetrum bones on both hands. X-rays of the feet 
show fusion of the navicular and cuneiform bones. 

Her fifth toes were removed in the past because of complaints due to deviation in 
growth over the fourth toe. In 1990 she gave birth to a healthy daughter who is 
living with her brother at this moment. Her height at this moment is 138 cm. She is 

mildly retarded and works in a sheltered work environment. 

Patient AIII-1 was born with a high birth weight (4650 gr) at 40 weeks of 
gestation. After birth she had hypoglycaemic periods persisting until the age of 6 

years. She had macroglossia, a diastasis recti but no ear creases or posterior helical 
ear pits. She followed a special school because of mild mental retardation. Her 
adult height is 180 cm and her weight is 80 kg. Physical examination shows a long 
face with a sloping forehead, large mandibula with a small maxilla (figure 2). 

Furthermore there are no signs of Beckwith-Wiedemann syndrome. 

Clinical findings family B 

BII-2 was born with a normal birth weight of 3400 grams. He followed a special 
school because of mild learning problems. After school he managed to complete a 
technical education. His adult height is 182 cm. 
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Patient BIII-1 was born after 39 weeks of pregnancy with a birthweight of 4160 
grams. During pregnancy large kidneys and macroglossia were seen and the 
diagnosis Beckwith-Wiedemann syndrome was suggested. After birth macroglossia 

was noticed. A short period of hypoglycaemia existed. There were no abdominal 
wall defects, no ear creases or pits, no naevus flammeus and no hemihypertrophy. 
Because of his macroglossia and mild hypotonia he had problems with speaking and 
received speech therapy. He visited a special school because of a mild mental 
retardation. His length is 152 cm at the age of 9 years (SD +2.5). Physical 

examination show no evident dysmorphic features. 

No clinical data of early childhood of BI-1 are available. Her adult length was 160 
cm. 

Characterisation of genetic imbalance family A 

In patients AIII-1 and AII-3 karyotype der(4)t(4;11)(q35;p15.5) was established by 
MLPA and FISH. Figure 3A shows an extra signal for 11p on the long arm of the 
derivative chromosome 4.  AII-2 and AI-1 were both identified as carriers of a 

balanced translocation t(4;11)(q35;p15.5) (figure 3B). 

Array CGH was used to establish the exact breakpoints of the rearrangements in 
patient AIII-1. Three aberrations were found; two involved chromosome 4 and one 

involved chromosome 11. A significant loss of the long arm of chromosome 4 (221 
oligo’s spanning a 5.801 Mb region from Mb position 185.376 (4q35.1) to 191.177 
(4q35.2)) was detected. In addition, a gain of 0.793 Mb of chromosome 4 (41 oligo’s 
from Mb position 165.841 (4q32.3) to 166.634 (4q32.3)) was found. The aberration 
of chromosome 11 comprised 211 oligo’s resulting in a gain of 3.962 Mb (from Mb 

position 0.170 (11p15.5) to 4.132 (11p15.4)) (figure 4A). 

MLPA for the 11p15 region confirmed a duplication of all markers in the BWSIC1 
and BWSIC2 regions in AIII-1 and AII-3. AII-2 showed no duplication (table 1). 

Methylation analysis by HRMA (figure 5 and table 2) showed gain of methylation of 
DMR1 and loss of methylation of DMR2 in AIII-1. AII-3 showed the opposite 
methylation defect; loss of methylation of DMR1 and gain of methylation of DMR2. 

AII-2 had a normal methylation pattern in both DMRs. 

Characterisation of genetic imbalance family B 

Methylation analysis of BIII-1 and BI-1 showed gain of methylation of DMR1, 
whereas BII-2 showed loss of methylation of DMR1 (figure 5 and table 2). MLPA 

analysis of the BWS region revealed a duplication of only the BWSIC1 region in BIII-
1, BII-2 and BI-1 (table 1). 

Karyotyping and FISH analysis of BII-2 with probes INS/IGF2 (figure 3C) and HRAS 

revealed a normal male 46,XY karyotype. However, a significant gain of the short 

arm of chromosome 11 was detected by array CGH analysis. A total of 19 oligo’s 
spanning 0.310 Mb from Mb positions 1.870 to 2.180 (11p15.5) was duplicated 
(figure 4B). 
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Figure 3. 3A FISH analysis with probes GS908H22 (11pter) and CEP11. 3B FISH analysis with 
probes GS908H22 (11pter) and CEP11. 3C FISH analysis with probes INS/IGF2 and CEP11. 

 
 

Figure 4. A. Agilent 105k array hybridization profile showing the 4 Mb duplication of 
11p15.5p15.4. B. Agilent 105k array hybridization profile showing the 0.3 Mb duplication of 
11p15.5 
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Figure 5. HRMA results of DMR1 and DMR2 in family A and B. 

DISCUSSION 

Family A 

In family A a translocation t(4;11)(q35;p15.5) is transmitted in at least three 
generations (see figure 6). In the grandmother (AI-1) and father (AII-2) the 
translocation is present in a balanced form. Since the 11p15.5 regions are inherited 
each from a different parent, the methylation pattern of DMR1 and DMR2 is normal; 
DMR1 methylated on the paternal allele and DMR2 methylated on the maternal 

allele.  The translocation is inherited in an unbalanced form in patient AIII-1 and 
her aunt AII-3, resulting in loss of region 4q35 to 4qter and an extra copy of region 
11p15.5 to 11pter. 

The difference in phenotype between patient AIII-1 and AII-3 is likely to be the 

result of the different parental origin of the translocation. The derivative 
chromosome 4 of patient AIII-1 is transmitted from her father, and therefore the 
extra copy of 11p15.5 has a paternal imprinting pattern; DMR1 is methylated and 
DMR2 is unmethylated. As a result AIII-1 received two methylated and one 

unmethylated DMR1 allele, observed as an increase in methylation level compared 
to normal controls. In BWSIC1, IGF2 is expressed only when DMR1 is methylated. 
Since this patient has two methylated copies of DMR1, she has two active copies of 
IGF2 and hence increased expression of this embryonic growth factor explaining her 

overgrowth phenotype. Gain of methylation of DMR1 is found in 25% of BWS 
patients. 
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Table 1. Results MLPA BWSIC1 and BWSIC2 regions 
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negative control 0,98 0,99 1,04 1,22 1,02 1,07 0,95 

positive control 0,92 1,47 1,38 1,68 1,38 1,38 1,57 

Family A  t(4;11)(q35;p15.5) 

II-2 1,04 0,99 0,92 0,92 1,05 1,00 1,05 

II-3 1,03 1,73 1,43 1,50 1,57 1,44 1,60 

III-1 0,95 1,49 1,34 1,44 1,44 1,51 1,55 

Family B  dup 11p15.5 

I-1  1,02 1,64 1,53 1,65 0,97 1,03 1,03 

II-2 1,09 1,20 1,21 1,23 0,88 0,95 0,84 

III-1 0,98 1,29 1,28 1,25 0,93 1,00 0,97 

Table 2. Results HRMA methylation testing of BWSIC1 and BWSIC2. 

 DMR1 DMR2 
Family A  t(4;11)(q35;p15.5) 

Patient II-2 wt wt 

Patient II-3 decreased increased 

Patient III-1 increased decreased 

Family B  dup 11p15.5 

Patient I-1 increased wt 

Patient II-2  decreased wt 

Patient III-1 increased wt 

 

This patient AIII-1 also received two unmethylated and one methylated DMR2 

allele, resulting in a decreased methylation level compared to normal controls. In 
BWSIC2 CDKN1C is expressed when DMR2 is methylated. Since this patient has one 
methylated copy of DMR2 the expression levels of CDKN1C are normal. 

In contrast, her aunt AII-3 inherited the derivative chromosome 4 from her 

mother. Therefore the extra copy of 11p15.5 has a maternal imprinting pattern; 
DMR1 is unmethylated and DMR2 is methylated. As a result this patient has two 
unmethylated and one methylated copy of DMR1, resulting in a decreased 
methylation level but normal expression level of IGF2. 
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On the other hand, she received an extra copy of DMR2 with a maternal imprint. 
She has two methylated and one unmethylated copy of DMR2, resulting in an 
increased methylation level. Since CDKN1C is expressed when DMR2 is methylated, 

this patient has two active copies of this negative regulator of cell proliferation and 
growth. Over-expression of CDKN1C may explain the growth retardation in this 
patient. 

A maternally inherited duplication of DMR2, resulting in an increased methylation 

level of DMR2 was found a patient with SRS syndrome [21]. This patient showed, 
apart from prenatal growth retardation, a large head circumference, a facial 
appearance typical for SRS (broad forehead, triangular face) and clinodactily of the 
fifth finger. Patient AII-3 has some signs of SRS, like a relative large head 

circumference, brachydactyly of the fingers (especially of the metacarpals of the 
fifth fingers) but she does not meet the clinical criteria of SRS. 

In addition to the duplication of the 11p region, the unbalanced transmission of 

the translocation t(4;11)(q35;p15.5) results in loss of the 4q35 region. Three out of 
4 patients with a deletion involving 4q35.2-4qter show mental retardation, possibly 
explaining the mild mental delay observed in patient AIII-1 and AII-2 (source: 
ECARUCA). 

Family B 

In family B a small interstitial duplication restricted to BWSIC1 is transmitted in 
at least three generations (see figure 6). Although the breakpoints of the 
duplication were determined by array CGH, the exact localisation of the duplicated 
material is not known, since no extra signals were detected by FISH. Patient BIII-1 

inherited this duplication from his father, therefore the extra copy has the paternal 
imprint; DMR1 is methylated. Analogous to patient AIII-1 this results in over-
expression of IGF2, and hence the BWS phenotype. 

The father of this patient, BII-2 inherited the same duplication from his mother; 

the extra copy has a maternal imprint so DMR1 is unmethylated. Since this person 
has two unmethylated and one methylated copy of DMR1, the expression of IGF2 
remains monoallelic and hence does not influence prenatal growth. This explains 

the absence of an aberrant phenotype in the father, although he carries the same 
duplication. The grandmother is also carrier of the same duplication. We assume 
that she inherited the duplication from her father because methylation analysis 
showed a reduced methylation level of DMR1. Unfortunately, no clinical data of 
early childhood are available for BI-1. 

 

In conclusion, paternal or maternal transmission of duplications of chromosome 

11p15 results in phenotypic differences between individuals with these duplication. 
We were able to confirm, at the level of methylation, that indeed the parental 
origin defines the imprinting status of genes on the extra copy of the duplicated 
chromosomal region. 
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Figure 6. Effects of maternal (m) and paternal (p) transmission of 11p15 imprinted regions in 
family A and B 

If the duplication involves BWSIC1, the paternal transmission of the duplication 
results in an extra methylated copy of DMR1. Consequently IGF2 is over-expressed 

in these patients resulting in the BWS phenotype. If the extra copy of DMR1 has the 
maternal imprint (unmethylated), IGF2 expression remains monoallelic and no 
changes in prenatal growth are observed. However, if the duplication also involves 
BWSIC2, maternal transmission of the duplication results in an extra methylated 

copy of DMR2. Consequently, CDKN1C is over-expressed in these patients resulting 
in prenatal growth retardation. 
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SUMMARY 

Beckwith Wiedemann Syndrome (BWS) is congenital growth disorder, with a 
variable phenotype. Children born with this syndrome have an increased birth 
weight, an enlarged tongue and abdominal wall defects. Other features typical for 
BWS are earpits and creases, hemihypertrophy, organomegaly, naevus flammeus 
and neonatal hypoglycaemia. 

In case of severe abdominal wall defects, surgery is needed soon after birth and 
neonatal hypoglycaemia can be treated effectively. Sometimes surgical removal of 
a part of the enlarged tongue is necessary for cosmetic reasons and for normal 

speech development. The overgrowth features disappear slowly after birth. In most 
cases no differences in height and weight are observed in BWS patients compared to 
normal controls around the start of puberty. 

A major problem in the clinical management of BWS patients is the fact that 

these patients have an increased risk of around 10% for the development of 
childhood cancer. The most frequently observed tumour type is Wilms tumour, but 
also hepatoblastoma, neuroblastoma and other embryonal tumour have been found. 
BWS patients are advised to follow a stringent screenings protocol, with three/four 

monthly ultrasound of the abdomen for the early detection of these tumours. This 
puts a heavy burden on the patients and their parents. The identification of those 
patients with an increased tumour risk is one of the main objectives of diagnostic 
testing. 

So far no clear correlation between clinical phenotype and tumour risk has been 
observed, apart from an increased incidence of hemihypertrophy in BWS patients 
who developed a tumour.  With the revelation of the genetic causes of BWS 

additional factors may be detected in the delineation of the tumour risk of 
individual BWS patients. 

Less then a decade ago diagnostic testing for the Beckwith Wiedemann Syndrome 

consisted of karyotyping and FISH for the detection of chromosomal translocations 
and duplications. The only DNA test available was the detection of uniparental 
disomy of chromosome 11p15 by the analysis of polymorphic CA repeat markers. 
This led to a laboratory diagnosis in 20% of the patients. 

The rare translocations that were found were always of maternal origin and the 

breakpoints of the translocations were clustered in three regions on chromosome 
11p15. The uniparental disomies were always of paternal origin and involved the tip 
of chromosome 11p15 as well. 

This led to the identification of two clusters of imprinted genes located within 
the SRO of the pUPD patients. The first cluster is the Beckwith Wiedemann Cluster 
region 1 (BWSIC1), this cluster contains amongst others a non-coding RNA H19 and 

the embryonal growth factor 2 (IGF2). The two genes are reciprocally expressed 
and imprinted expression within this cluster is regulated via an in imprinting centre 
(IC). The IC contains a stretch of differentially methylated CpG islands, called DMR1 
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(differentially methylated region 1). DMR1 is methylated on the paternal allele, 
when methylated H19 is repressed and IGF2 becomes active. 

Adjacent to BWSIC2 a second cluster of imprinted genes (BWSIC2) resides. This 

cluster also contains a non-coding RNA (KCNQ1OT1) and a number of other genes, 
one of which is a cell-cycle inhibitor (CDKN1C). Co-regulation of imprinted 
expression of genes in this cluster is also mediated via an imprinting centre that 

contains a differentially methylated region, DMR2. DMR2 is methylated on the 
maternal allele, when methylated KCNQ1OT1 is repressed and other imprinted 
genes in the region are expressed. 

In BWS patients epigenetic defects in both imprinting clusters have been 

detected. Gain of Methylation (GOM) of DMR1 is observed in some BWS patients, the 
normally unmethylated paternal allele becomes methylated and IGF2 is expressed 
from this normally silent allele. In BWS patients with GOM of DMR1 overexpression 
of this embryonal growth factor is the key determinant in the development of the 

overgrowth phenotype. Overexpression of Igf2 in mice results in an overgrowth 
phenotype that shares many features wi BWS. 

In some patients Loss of Methylation (LOM) of DMR2 is observed. The normally 

methylated maternal allele becomes demethylated, and, among others, CDNK1C 
expression is silenced from the normally active chromosome. In BWS patients with 
LOM of DMR2 the absence of the cell cycle inhibitor CDKN1C is the key determinant 
in the development of the overgrowth phenotype. The disruption of Cdkn1c in mice 

results in a phenotype that shares some features with BWS. 

In patients with paternal UPD both alleles have the paternal imprint i.e. DMR1 is 
methylated and DMR2 is unmethylated, resulting in overexpression of IGF2 and 

suppression of CDKN1C. 

In BWSIC2 LOM of DMR2 can be complete but in BWSIC1 pUPD and GOM of DMR1 

are always present in a mosaic form. This suggests that maternal contribution of 

BWSIC1 to the epigenotype is necessary for embryonal survival. A gene that has 
been cloned in our laboratory ASCL2 (homolog of drosophila acheate-scute complex 
2), might explain this phenomenon. It is paternally imprinted and expressed only in 
placenta, mice deficient of this gene die at 10 days post coitum because of 
placental failure. In complete paternal UPDs and patients with complete GOM of 

DMR1 this gene is not expressed, leading to early lethality. 

With the discovery of methylation defects of the two DMRs within the 11p15 
region, a new era started in DNA diagnostics of BWS. This thesis starts in chapter 2 

with the optimization of a test for aberrant methylation in either of the two DMRs. 
The test is performed on DNA isolated from peripheral blood and based on digestion 
with methylation sensitive enzymes in combination with southern blot 
hybridisation. This optimization led to a sensitive and reproducible test able to 
detect methylation defects in about 80% of all BWS patients. 

With the introduction of this test, the molecular study of a large cohort of Dutch 
BWS patients with a known phenotype became possible. It gave insight in the 
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distribution of BWS patients among the different genetic subgroups. In 55% of the 
BWS patients the normally methylated maternal allele of DMR2 showed loss of 
methylation (LOM) whereas in 7% of the case the normally unmethylated maternal 

allele of DMR1 became methylated (GOM). In 20% of cases uniparental disomy of 
paternal origin was found resulting in the presence of two methylated copies of 
DMR1 (GOM) and two unmethylated copies of DMR2 (LOM). No defect could be 
detected in either region in 18% of the patients. 

In contrast to previous studies, LOM of DMR2 was found in a mosaic form in 29/40 

of the patients with this epigenotype. Moreover, LOM of DMR2 could also be 
detected in patients with only a partial BWS phenotype but also in patients not 
diagnosed as BWS patients at all. 

Since BWS patients have an increased risk for the development of specific 
childhood tumours a possible correlation of epigenotype and tumour risk would be 
valuable for the screening protocols applied to BWS patients. In this first study the 

majority of tumours were found in BWS patients with GOM of DMR1, whereas no 
tumours were found in patients without a methylation defect. 

The number of patients who developed a tumour in that series was small. 

Therefore we extended (in chapter 3 of this thesis) our cohort of BWS patients with 
cancer. We reviewed data available in the literature to obtain a population large 
enough to obtain significance. 

Indeed, in a total of 278 patients, clear correlations between epigenotype and 

tumour risk were found. Patients with GOM of DMR1 had a very high tumour risk; 
the tumours that they developed were always Wilms tumours. Patients with pUPD 
and patients without detectable defect showed an intermediate tumour risk, these 

patients developed Wilms tumours or other tumours. Patients with LOM of DMR2 
showed the lowest tumour risk, and Wilms tumours were never observed. 

Since this study was published screenings protocols for BWS patients were 

changed in many countries, excluding patients with LOM of DMR2 from a stringent 
protocol of three monthly abdominal screening for early detection of Wilms tumour. 

Among cancer patients an increased number of isolated hemihypertrophy (IH) 

patients were observed. Hemihypertrophy is one of the common features of BWS, 
the genetic defects found in BWS patients are also observed among IH patients. 
Therefore, in chapter 4 we applied the same strategy to IH patients with a tumour 
in order to improve screenings protocols for these patients. Together with data 
from the literature, we obtained epigenetic data of in total 125 IH patients. The 

most striking observation was the fact that in large fraction of IH patients no 
epigenetic defect could be detected (75% compared to 18% among BWS patients). 
This limits the use of epigenetic screening in the prediction of tumour risk among IH 
patients. 

In 2005 the spectrum of epigenetic defects in the DMRs on chromosome 11p15 

was expanded: LOM of DMR1 was observed in patients with the Silver Russell 
syndrome. This syndrome has an opposite phenotype to the BWS phenotype; it is 
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characterized by pre- and postnatal growth retardation. In chapter 5 we analysed 
the methylation status of chromosome 11p15 in 9 patients with an SRS or SRS-like 
phenotype, and we were able to show complete LOM of DMR1 in 2/3 patients 

meeting the clinical criteria for SRS. However, we also observed mosaic LOM of 
DMR1 in a number of patients with an incomplete phenotype.  

The technique used to confirm the BWS diagnosis in DNA diagnostics based on 

southern blot was very laborious and required large amount of DNA. Recently, a 
new technique became available for the detection of DNA mutations called high 
resolution melting analysis (HRMA). This technique is, as is described in chapter 6, 
successfully adapted for the detection of changes in differentially methylated 
regions. This technique is PCR based and therefore needs relatively little hands-on 

time and only a small amount of DNA.  After intensive technical validation this 
method has been introduced as standard tool in the DNA diagnostics of BWS and 
SRS. 

In 2006 demethylation of a number of maternally imprinted loci outside the 

chromosome 11p15 imprinted region has been described. In chapter 7 we conducted 
a multicentre study on HIL (hypomethylation at maternally imprinted loci) in BWS 
patients. A cohort of Dutch and Italian BWS patients has been screened for 

methylation defects in 10 imprinted loci outside the 11p15 imprinted region. HIL 
was present only in patients with LOM of DMR2, and included MEST, GNAS/NESPAS, 
PLAG1 and IGF2R. Patients showing HIL had atypical BWS features, although 
because of the diversity of methylation defects, no significant association between 
the genes outside 11p15 and the phenotype could be detected. 

The DNA-diagnostic laboratory of the Dept. of Clinical Genetics of the Academic 
Medical Centre has collected a large number (~400) of clinically well defined BWS 
patients. Of these, 13 are discordant BWS twins. In chapter 8 we characterized 

these twins. Information on the clinical features of the twins was collected, 
together with additional data on placentation and amnionicity. Methylation analysis 
was performed on blood lymphocytes and buccal swabs of the twins. Apart from the 
two BWS imprinting clusters on chromosome 11p15, 7 imprinted loci on other 

chromosomes were analysed. This study revealed some new insights in the causes of 
twinning. Methylation defects involved the DMR2 region, and in a high percentage 
(5/10) MZ twin HIL throughout the genome was also observed. HIL is normally 
associated only with maternally imprinted genes, but in two cases HIL extended to 
paternally imprinted genes. 

Similar methylation defects were found in blood lymphocytes of the affected and 
non-affected twins that share a placenta. This can not solely be explained by blood 
sharing via the placenta (vascular anastomosis) so we propose an additional 

mechanism to explain this phenomenon. 

Methylation levels found in a discordant BWS triplet support the theory that 
methylation defects proceed and possibly trigger the twinning process. 
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In the 9th chapter of this thesis two unique three generation families have been 
studied. 

In one family a translocation involving chromosome 4 and 11 is transmitted either 

paternally or maternally. When the translocation is inherited in an unbalanced form 
from the father, the epigenotype of the extra copy of 11p15 obtains the paternal 
imprint resulting in increased methylation levels of DMR1 and decreased 

methylation levels of DMR2. Phenotypically this results in the BWS syndrome. If the 
same translocation is inherited in an unbalanced form from the mother, this results 
in an opposite methylation defect (LOM of DMR1 and GOM of DMR2). The patient 
carrying this unbalanced translocation showed the opposite phenotype, growth 
retardation. 

In the second family a small interstitial duplication on chromosome 11p15 
including only H19 and a few surrounding genes (not the DMR2 region). Upon 
paternal transmissing of the duplication this resulted in an extra copy of DMR1 with 

a paternal imprint. In methylation testing an increased methylation level was 
detected. The patient carrying the paternally transmitted duplication showed a 
mild BWS phenotype. The father of this patient inherited the same duplication from 
his mother but has a normal phenotype. The presence of an extra copy of the DMR1 

with the maternal imprint apparently has no influence on the phenotype. 

In both families the parental mode of transmission influences the phenotype of 
the recipient child. 
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DISCUSSION 

In this thesis a variety of genetic and epigenetic defects are described in BWS 
patients. Observations made about (epi)genotype and phenotype raise questions 
that are important for the general understanding of imprinting disorders. In this 
chapter we discuss the background of the (epi)genetics defects found in BWSand 
SRS patients. We postulate models that may cause these epigenetic changes and 

propose new directions for research. Secondly, we introduce possible causes for the 
BWS phenotype in patients with no detectable epigenetic defect on chromosome 
11p15. Then we discuss the implications of the fact that epigenetic changes in the 
BWS imprinted regions are also found in patients with an incomplete phenotype. 
And finally the tumour risk of BWS patients is reviewed.  

(Epi)genotype 

A large number of different genetic and epigenetic defects have been described 
involving the two differentially methylated regions located in close vicinity on 
chromosome 11p15 (see fig 1). 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. Overview of the different genetic and epigenetic changes that have been described 
involving DMR1 and DMR2, located on chromosome 11p15. 
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Only in a small number of cases genetic defects, such as mutations (e.g. 
CDKN1C), small interstitial deletions (DMR1 and DMR2 deletions) or translocations 
involving chromosome 11p15, were found in BWS patients.  

CDKN1C mutations are genetic defects directly resulting in disruption of the 
protein function of the affected gene and hence the BWS phenotype. 

In all other cases the underlying defect leads to an epigenetic change. Improper 

methylation of regulatory sequences within a cluster of imprinted genes results in 
aberrant imprinting. The role of CTCF binding sites and non-coding RNAs in the 
regulation of imprinting within these clusters is currently investigated. 

In 20% of the patients the cause of the epigenetic defect is clear: a mitotic 
recombination error (UPD) leads to a disturbance of the balance between maternal 
and paternal contribution of imprinted genes. 

In rare cases, chromosomal rearrangements leading to unbalanced translocations 
and also small duplications have been found. In these patients the methylation 
pattern of the duplicated region is defined by its parental origin, leading to 

differences in phenotype upon maternal and paternal transmission. Also in these 
cases the disturbance in maternal and paternal contribution results in an epigenetic 
defect. 

In a small number of patients deletions in one of the two DMRs are observed. This 

leads directly to a disturbance of the regulation of imprinted expression of genes in 
either cluster. 

However, in the majority of the patients (65%) the chromosomal distribution is 

normal in all cells, with one paternal and one maternal copy. In these cases a true 
imprinting defect in one of the two clusters affects methylation patterns of either 
one of the DMRs. The exact nature of the underlying defect that causes this 
imprinting defect is unknown. 

Imprinted methylation is established during embryogenesis. The parental imprint 
has to be reset in the gametes. In the oocyte methylation of the paternal imprinted 
genes has to be removed while paternal non-methylated genes have to be 

methylated. In sperm, the original maternal genes have to undergo a reciprocal 
process. This imprint has to be maintained in the gametes. In contrast to oocytes, 
sperm cells undergo many rounds of mitotic divisions before maturation. Prior to 
fertilization methylation errors may lead to defects in imprinted expression. After 

fertilization, the imprint has to be maintained in each round of cell division in the 
developing zygote.  

In any of these processes errors can occur resulting in aberrant methylation 
patterns in the zygote (fig. 2). 

Loss of imprinted methylation 

In the majority (93%) of BWS patients with a methylation defect, loss of 
methylation of DMR2 is observed (figure 2A). In these patients the normally 
methylated maternal copy of DMR2 becomes demethylated. 
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Figure 2. Methylation errors of maternally and paternally imprinted genes m: maternal, p: 
paternal, c: methylated cytosine, 1: DMR1 2: DMR2 

In 75% of LOM DMR2 patients demethylation is restricted to DMR2. In 25% of the 
LOM DMR2 patients loss of methylation extends to regions outside DMR2. In these 
patients additional maternally methylated DMR’s on other chromosomes become 
demethylated (hypomethylation of multiple imprinted loci HIL).  In these patients 

the imprinting defect is more generalized. Demethylation of the other loci is also 
observed in a mosaic form. It is unknown whether demethylation of all loci involved 
takes place in the same cells, or that the observed mosaicism reflects the different 
cell fractions in which one of the DMRs becomes demethylated (as postulated by 
MacKay, pers. communication). In the study described in chapter 7 we screened 11 

DMRs outside chromosome 11 in 81 patients with LOM of DMR2. In 17 patients one or 
more DMRs lost methylation on the maternal allele. In mice there are about 100 
imprinted genes presently known, these genes are grouped in about 18-20 clusters. 
It is possible that in the patients in whom HIL could not be detected in this study, 

one of the imprinted loci that was not included in the study is affected. 

Loss of methylation of DMR1 is also observed.  This results in the SRS phenotype 
(figure 2B). In SRS patients with LOM of DMR1, failure to maintain methylation is, in 

contrast to LOM of DMR2, restricted to the paternal allele of DMR1 resulting in two 
unmethylated copies of DMR1. 
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Gain of imprinted methylation 

Gain of methylation is less common. 7% of BWS patients are characterized by a 
methylation defect of DMR1 (figure 2C). In these patients the normally 

unmethylated maternal allele of DMR1 becomes actively methylated.  

Gain of methylation of DMR2 has not been observed so far. The predicted 
phenotypic result is growth retardation but among the SRS patients we have 

screened to date, no such defect has been found. 

Mechanisms involved in imprinting errors 

Most imprinting defects in BWS are present in a mosaic form, so only in a fraction 
of the cells, while the remaining cells have normal imprinting patterns.  This 
implies that the methylation defect must have been caused postzygotically, by a 

failure to maintain imprinting patterns in the early zygote (stage C in figure 2).  
Errors in stage A and B would result in a generalized imprinting defect in the 
complete zygote. 

We hypothesize two possible mechanisms leading to disturbances of imprinted 

expression, what we call ‘genetic’ and ‘stochastic’ models for imprinting errors. 

The genetic model 

The genetic model is based on the presence of inactivating mutations/deletions in 

one of the genes in the methylation machinery. 

Cadidate genes are the DNMT’s (DNA (cytosine-5)-MethylTransferases), a gene 
family involved in maintenance of imprinting patterns of the genome.  After the 

formation of the zygote, the RNA machinery is suppressed during the first rounds of 
cell division. All processes in the early zygote are regulated by proteins that 
originate from the oocytes since sperm cells contain mainly DNA that is packaged 
tidy into the spermhead. 

A candidate gene for loss of methylation is DNMT1o. DNMT1o is an oocyte specific 

isoform of DNMT1 which is synthesized and stored in the cytoplasm of the oocyte. It 
is translocated to the cell nucleus during early embryonic development. It is not 
involved in the establishment of the female methylation pattern (1) but functions 

only during one round of replication in the eight-cell embryo (2). Dnmt1o deficient 
mice show reduction of methylation in the embryo of the usually methylated alleles 
irrespective of the parental origin. 

Other candidates are the DNMT3 genes (reviewed by (3). DNMT3A and DNMT3B are 

enzymes that establish methylation on unmethylated substrates (de novo 
methylation) whereas DNMT3L acts as a stimulator of de novo methylation 
activities. Disruption or Dnmt3A and Dnmt3L in mice results in both activation and 
inactivation of maternally imprinted genes. DNMT3A and DNMT3B are expressed 

during gametogenesis, embryonic development and in some adult tissues, DNMT3L 
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is restricted to prospermatogonia and growing oocytes, at the moment the imprint 
is being set in the gametes. 

Another group of candidate genes might not directly be involved in DNA 

methylation. In patients with transient neonatal diabetes mellitus (TNDM) aberrant 
methylation of PLAG1 on chromosome 6q is observed. In a subpopulation of TNDM 
patients aberrant methylation of DMR2 is observed. Linkage studies in families with 

HIL led to ZFP57 on chromosome 6p. In more than 50% of the TNDM patients with 
HIL, mutations in ZFP57 have been detected (4). This ZincFinger gene codes for a 
transcription factor and is expressed in mouse oocytes and the early zygote. CTCF is 
a transcription factor that binds to CTCF binding sites in unmethylated DMRs. CTCF 
also contains ZincFinger motives, possibly competition for the same binding sites 

between both proteins may influence regulation of imprinting. 

More details about the background of the ZFP57 mutations in TNDM patients are 
not available. 

The stochastic model 

The stochastic model is not based on mutations in specific genes; it involves just 
a failure to maintain imprinting at one stage of embryogenesis. The process of 
resetting the imprint is complex and involves many steps of removing and adding 

methylation groups to cytosines of the DNA strands. The result of the process is 
very precise, so even single errors can disturb imprinting. If a simple error occurs in 
an early stage of embryogenesis, this error is transmitted to the cells of subsequent 
cell divisions. The stage in which this error occurs, defines the number of aberrant 
imprinted cells in the zygote. There may be a critical period, if the error occurs 

very early in embryogenesis only a few normal cells are present leading to loss of 
the embryo. If the error occurs late in embryogenesis, the defect only affects a 
small number of cells and does not result in a clinical phenotype. Whether or not 
environmental factors are involved is unknown. The methylation defects found in 

children born with the use of ART are thought to be caused during the culturing 
period of the zygote.  In those cases it is conceivable that external factors induce 
the imprinting defects. 

These errors may also occur in other sequences in the genome, although at the 

time only methylations errors in a small number of imprinted regions are known to 
result in phenotypic changes. It might well be that (mosaic) defects of the 
imprinted regions on chromosome 11p15 allow the fetal growth. Errors in other 
imprinted regions may not result in a change in phenotype or may just be lethal and 

not result in a pregnancy.  

 

To investigate whether the genetic model is involved, each gene described above 

should be screened for mutations. No extensive studies have been performed in 
large cohorts of BWS patients to find mutations in any of these genes. In chapter 7 
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of this chapter we screened two mothers of BWS patients with hypomethylation at 
imprinted loci and found no evidence for mutations. 

ZFP57 has not been screened in BWS patients. Since mutations in this gene are 

common in TNDM patients with HIL, the gene might also be involved in BWS patients 
with HIL. Previously we reported three BWS translocation breakpoint clusters on 
chromosome 11p15 (5). The central cluster, that is located 4 Mb proximal to DMR1 

and DMR2, disrupts another ZincFinger containing transcription factor, ZnF215. No 
mutations in BWS patients have been described so far although a number of UV are 
present in the region that possibly might be associated with BWS (6). 

We propose screening of BWS patients with HIL for mutations in both ZnF 

proteins. 

The stochastic model is far more difficult to study. It concerns processes that 

take place in an very early stage of zygote development, a stage that is difficult to 
mimic in vitro in humans. 

Although none of the models fully explains the involvement of specific DMRs, the 

stochastic model is able to explain why only specific imprinted loci are involved. A 
mutation in any of the genes of the methylation machinery would be expected to 
result in generalized methylation defects in all imprinted gene clusters. An 
indication why some DMRs are preferentially involved might come from the results 
of a recent study by Sazhenova et al (7). They studied the effects of demethylating 

agents in foetal fibroblasts cell cultures.  BWSIC2 showed a relatively high 
susceptibility to demethylation agents compared to BWSIC1 and the SNURF-SNRPN 
cluster on chromosome 15. This might also reflect the fact that aberrant 
methylation of this cluster is also frequently found in children born after IVF. 

Studies like these on foetal cell cultures may give more insights in the processes 
involved in the non-genetic model. 

PATIENTS WITH A BWS PHENOTYPE WITHOUT THE EPIGENOTYPE 

By routine diagnostic screening for methylation defects in both imprinting clusters 
on chromosome 11p15, the clinical BWS diagnosis can be confirmed in 80% of the 
patients. The remaining 20% of the patients show no detectable defect in these 

regions. Still, these patients fulfill the most stringent clinical criteria of BWS. It is 
unknown what causes the overgrowth phenotype in these patients. 

A number of explanations might account for this phenomenon. 

First, in routine diagnostics methylation testing is always performed on blood 
lymphocytes. Maybe we are looking in the wrong tissue. Grati et al (8) determined 
the percentage of UPD cells in different tissues of two BWS foetuses. The number of 

disomic cells correlated with the degree of overgrowth of the tissue affected. The 
highest degree of disomic cells was observed in the most enlarged tissues, although 
the defect could also be detected in blood lymphocytes. This might also be the case 
for DMR1 and DMR2 defects. In chapter 8 of this thesis we compared the 
methylation level in blood lymphocytes and tongue tissue of a BWS patient with 
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macroglossia and detected equal levels (fig 4). In 8 other cases (unpublished 
results) we were able to perform methylation testing on tongue biopsies and always 
detected similar methylation levels compared to blood lymphocytes of the same 

patient. 

However, more extensive studies on different tissues are needed to determine 
whether methylation defects can be restricted to affected tissues only and 

therefore be missed by routine diagnostic screening. 

Second, we only determine methylation levels at two specific DMRs in the region, 
there are at least two other DMRs present in the IFG2 coding region itself and one 

in CDKN1C. We recommend screening other DMRs in the 11p15 region. 

Third, apart from defects in methylation of DMRs other mechanisms may disturb 
regulation of imprinted expression. In some cases of BWS biallelic IGF2 expression is 

accompanied by monoallelic H19 expression. These cases show normal methylation 
and expression of H19 from the maternal allele with biallelic IGF2 expression (9). 
Apart from cytosine methylation specific histone modification proteins are involved 
in silencing of gene expression. Mutations in CTCF binding sites may alter binding of 
transcription factors and result in loss of imprinted expression. 

Looking directly at expression of the imprinted genes itself is expected to be a 
more direct tool in diagnostic testing. However, postnatal diagnostic testing for 
BWS  based on protein expression is heavily hampered. One of the key proteins 

involved, IGF2, is only monoallelically expressed before birth when a foetal 
promoter P0 initiates transcription from the paternal allele. Other promoters are 
used after birth but they drive expression from both alleles. Therefore IGF2 cannot 
not used as a postnatal diagnostic marker.  More insights in regulation of imprinted 

expression and disturbances of the processes involved may reveal additional genetic 
defects in BWS patients. 

Fourth, the genetic defect may not involve chromosome 11p15 at all. Although all 

chromosomal defects observed in BWS patients involve this locus, one exception 
was observed. One patient with BWS and duplication 4q/deficiency 18p as the 
result of an unbalanced paternal translocation has been described (10). No 
imprinted genes in any of the two regions involved are known, this finding indicates 
that there may be other loci involved in BWS. 

And finally, BWS patients without a methylation defect in the 11p15 region may 
have a phenotype that might be attributed to other overgrowth disorders. Other 
genes involved in prenatal growth may be affected in these patients. 

One candidate gene is GPC3 on chromosome X. Mutations in this gene have been 
described in patients with an overlapping overgrowth syndrome, the Simpson-
Golabi-Behmel syndrome (SGBS).  Simpson–Golabi–Behmel syndrome shares the 

following features with BWS: macrosomia, visceromegaly, macroglossia, and renal 
cysts. We screened about 80 male patients for GPC3 mutations but found no 
mutations in any of the patients (unpublished results). In today’s diagnostic 
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practice, GPC3 is only screened when the phenotype directs towards a possible 
SGBS diagnosis. 

Sotos syndrome is characterized by pre- and post-natal overgrowth and variable 

mental retardation.  Deletions and point mutations of the NSD1 gene account for 
>60% of cases of Sotos syndrome. Two cases have been reported of NSD1 mutations 
in individuals with features of BWS and mental retardation (11). We screened 20 

BWS patients with mental retardation for mutations in NSD1, in one patient a NSD1 
mutation was detected (unpublished results). 

GPC3 and IGF2 are part of a complex growth regulating pathway. Other genes in 

the same pathway may be affected. Screening for mutations in these genes in BWS 
patients without detectable methylation defects may reveal new genetic causes of 
BWS. An example is IGF1R on 15q25-q26.  Although imprinted in mice, IGF1R is 
expressed biallelically in humans.  Monoallelic expression from the maternal allele 
has been observed in normal kidney and blood lymphocytes of a BWS patient (12). 

The background of this change to monoallelic expression is not known, but 
screening of more patients might reveal more cases of altered expression of IGF2R. 

In chapter 7 we screened 48 patients without a detectable imprinting defect for 

loss of methylation on loci outside the 11p15 region. Although HIL is only observed 
in BWS patients without LOM of DMR2, another gene involved in prenatal growth 
should be considered. In about 10% of the Silver-Russell syndrome patients maternal 
uniparental disomy of chromosome 7 is observed. This region contains the imprinted 

gene GRB10. No mutations in GRB10 have been detected in SRS patients, but in 
view of the imprinted status of the gene methylation defects are more likely then 
pure mutations at least in SRS patients. In BWS patients no chromosomal 
aberrations are known in this region. Screening for methylation defects in the DMR 
of this gene however might reveal epigenetic changes in BWS. 

PATIENTS WITH A BWS EPIGENOTYPE WITHOUT THE PHENOTYPE 

An ongoing discussion between clinicians and geneticists concerns the question 
what defines the Diagnosiss BWS:  fulfilling the clinical criteria for BWS or the 

presence of the genetic defects associated with the syndrome. 

It is clear that not all patients with a methylation defect on chromosome 11p15 
fulfill the clinical criteria for BWS, as shown in chapter 2 of this thesis.  Even in 

patients with isolated hemihypertrophy (IH) methylation defects associated with 
BWS are found. Also among patients that do fulfill the BWS criteria and do show 
typical methylation defects, there is a large variation in clinical presentation. In an 
unpublished study in patients with LOM of DMR2, we investigated whether the 

degree of the methylation defect influences the severity of the phenotype. 

We defined a scoring method to quantify the severity of the syndrome. The 
important features of BWS (overgrowth, macroglossia and abdominal wall defects) 
were given a score of 3, whereas all additional BWS related features were given a 

score of 1. 
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From these data we conclude that there is no clear correlation between the 
phenotype and the degree of demethylation of DMR2 in these patients. Even in 
patients with a high number of aberrant cells present, there are sometimes minimal 

effects on the phenotype. A extreme example is patient 22, this patient has a 
methylation index between 0.1 and 0.2 but the only features present are 
organomegaly and (maybe as a result) an abdominal wall defect. 

In chapter 4 of this thesis we show that isolated hemihypertrophy patients, so 

patients with overgrowth of part of the body in absence of any other BWS related 
features, show in 25% of cases methylation defects on chromosome 11p15. 

Both studies implicate that methylation analysis for laboratory confirmation can 

be offered to a broad range of phenotypic aberrations and should not be limited to 
those patients fulfilling the BWS criteria. Since these tests are mainly offered to 
BWS patients it remains unclear with which frequency imprinting defects on 
chromosome 11p15 are found in patients with partial phenotypes. To get more 

insight in this phenomenon, more patients showing single or few features related to 
BWS should be tested. 

Data on tumour risk of non-BWS patients with a methylation defect are only 

available for isolated hemihypertrophy, although the cohort studied was too small 
to correlate tumour risk and epigenotype. Our study on the effect of the 
methylation defect on the severity of the syndrome was performed on patients with 
LOM of DMR2 only, the patient group with a relative low risk of developing cancer. 

Extended screening of partial phenotypes may therefore also generate data on 
tumour risks. 

TUMOUR RISK 

In chapter 3 we studied the correlation between tumour risk and epigenotype in a 
large series of 278 BWS patients, data obtained from our own laboratory combined 
with large studies in literature. From the results we concluded that the individual 
epigenetic profile of BWS patients could be used to delineate the patients tumour 
risk and the type of tumour it might develop. 

A small group of BWS patients (5%), with gain of methylation of DMR1, have a very 
high risk of developing cancer. These patients develop uniquely Wilms’ tumours. 
Gain of methylation of H19 is usually observed in sporadic Wilms’ tumours. That 

results in decreased expression of H19 and concomitant loss of imprinting of IGF2 
expression. Parallel changes are observed in the epigenotype and the tumour that 
these patients develop. 

These patients should be screened intensively for the presence of renal 

abnormalities by ultrasound investigation, which is embedded in all BWS tumour 
screening protocols. 

More then half of the BWS patients (55%) show loss of methylation of DMR2. These 

patients have a relative low tumour risk. These patients never developed Wilms’ 
tumours. These data are in favour of an adaptation of the stringent tumour 
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Table 1 and Figure 3. Plot of the degree of demethylation versus the severity factor (SF) of 
41 BWS patients. 
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screening protocol. Still, for a long time the advice was to maintain current 
protocols until more data were available (13) (www.genetests.org). In 2005 the 
Wilms’ tumour surveillance group in the UK refined their screening protocol, 

Patients with a tumour risk of less then 5% are excluded from renal ultrasonography 
every three to four months. Since Wilms’ tumours have never been described in 
BWS patients with LOM of DMR2 these patients are no longer included in the 
screening protocol.  

Since this study on tumour risk in BWS patients was published in 2004, no new 

reports on patients with LOM of DMR2 that developed a Wilms’ tumour were 
published. Currently Dutch paediatricians and clinical geneticists are reconsidering 
the Dutch preventive protocol in adaptation of these genetic findings. 

BWS showing loss of methylation at DMR2 do sporadically develop tumours, such 
as rhabdomyosarcoma and gonadoblastoma. It is likely that other genetic pathways 
in embryonal tumour development are involved. Imprinting defects of DMR2 have 

not been observed in Wilms’ tumour, but no data are available on the methylation 
status of DMR2 in these more rare tumour types. Although CDKN1C functions as a 
cell cycle inhibitor, loss of CDKN1C expression has not been observed in tumours.  It 
is possible that the other imprinted genes (Phlda2, Slc22a18, Kcnq1, Cd81 and Ascl2 

(14)) in BWSIC2 play a role in tumour development. Not many data are available on 
the role of these genes in tumour development, but at least in one of them, 
SLC22A18/BWR1A, a homozygous mutation has been reported in a 
rhabdomyoscroma (15).  The region also contains two tumour suppressor genes, 
TSSC4 and TSSC6, that are involved in transformation into malignancy. Since both 

genes escape imprinted expression their role in tumour development is unclear. 

The analysis of these genes in tumour genesis may gain insights in the tumour risk 
of BWS patients with a defect in DMR2. 

The remaining BWS patients, those with UPD (20%) and with no detectable 
genetic defect (20%) have an intermediate tumour risk, and develop both Wilms’ 
tumour and other childhood tumours. In UPD patients both imprinted clusters are 

affected, so tumour types associated with both clusters are found. The pathway 
involved in tumour genesis in patients without a methylation defect in DMR1 and 
DMR2 is unknown. However, it is conceivable that, like UPD, both clusters are 
involved, since the tumour types between UPD patients and patients without a 

defect are similar. 

The screening protocol for the early detection of cancer should be maintained for 
these patients. 

The current predictive tools are only able to correlate a specific epigenotype to a 

relative tumour risk, not to predict which patients actually develop a tumour. This 
holds for all cancer predisposition syndromes.  For example carriers of mutations in 
BRCA1 and BRCA2 mutations have a 60-80% chance to develop breast cancer. Not all 

carriers do develop a tumour. In these adult cases this can be explained by the two-
hit hypothesis of Knudson (16), involving a germ line mutation (the first ‘hit’) of a 
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tumour suppressor gene (TSG) and a second (somatic) hit on the second allele of 
the same TSG. The longer a carrier of a germline mutation lives, the higher the 
chances are that this second hit takes place in one of the cells in the tissue at risk. 

Certain environmental effects increase the chance for a second hit, and therefore 
have a carcinogenic effect. 

This is in contrast to what is observed among BWS patients. The tumour risk of 

BWS patients decreases at the age of 5-8 years, and tumours are rarely observed 
after the age of 8 years. Maybe this can be explained by the fact that all tumours 
found in BWS patients originate from reminiscent embryonic cells present in the 
affected tissues. Moreover, the TSGs involved BWS patients are imprinted genes, 
loss of imprinted expression directly results in over-expression of growth factors 

still active in these embryonic cells. But then, all patients with disturbed imprinting 
would be expected to develop cancer. Clearly additional (epi)genetic events are 
needed. 

Insight has to be gained into the background of tumour development in BWS 

patients so that tools for more precise prediction of tumour risk and tumour type 
can be improved. 
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SAMENVATTING 

Het Beckwith-Wiedemann Syndroom (BWS) omvat een aantal aangeboren 
afwijkingen. Kinderen met dit syndroom hebben bij de geboorte vaak een hoog 
geboortegewicht, een vergrote tong en buikwanddefecten. Verder worden bij BWS 
patiënten vaak typische putjes en groefjes in het oor gezien, hebben ze soms 
overgroei van een gedeelte van het lichaam (hemihypertrofie), vergrote organen, 

een verlaagde bloedsuikerspiegel vlak na de geboorte en wijnvlekken in het gezicht 
(zie figuur 1 hoofdstuk 1). 

Na de geboorte stopt de verhoogde groeisnelheid, meestal hebben BWS patiënten 

rond de puberteit een normaal postuur. 

Een ernstige complicatie bij dit syndroom is het feit dat BWS patiënten een sterk 
verhoogd risico van 10% hebben op het krijgen van kindertumoren. Het merendeel 

van deze tumoren worden gevonden vóór het 8e levensjaar. Afgezien van het risico 
kanker te krijgen, betekent dit dat deze kinderen vanaf hun geboorte tot hun 8e 
jaar iedere drie maanden gescreend moeten worden zodat deze tumoren in een 
zeer vroeg stadium opgespoord en behandeld kunnen worden. 

Het algemene doel van deze studie is inzicht te krijgen in de genetische oorzaken 

van BWS. Daarnaast moet een diagnostische test opgezet worden waarmee de 
diagnose BWS bevestigd kan worden. Onderzocht moet worden of de test geschikt is 
om kinderen op te sporen die een verhoogd risico hebben op kanker. 

Bij BWS patiënten worden heel sporadisch chromosoomafwijkingen (translocaties) 
gevonden waarbij altijd chromosoom 11p15 betrokken is. Deze chromosoom-
afwijkingen wordt altijd via de moeder overgeërfd. Bovendien wordt bij BWS 

patiënten soms geconstateerd dat beide kopieën van dit gebied van chromosoom 11 
van de vader afkomstig zijn (paternale uniparentale disomie, pUPD). 

Dit zijn aanwijzingen dat de genen die betrokken zijn bij het ontstaan van BWS 

niet voldoen aan de mendeliaanse wetten van overerving. 

Imprinting 

Een normale cel bevat 23 chromosomenparen. Van ieder paar chromosomen is 
één chromosoom afkomstig van de vader (paternaal) en één afkomstig van de 

moeder (maternaal). Of een gen dominant is of recessief bepaalt welke eigenschap 
tot uitdrukking komt in het nageslacht (wetten van Mendel). Bij de BWS genen 
bepaalt niet de dominantie of de eigenschap tot uitdrukking komt, maar of dit gen 
op het chromosoom ligt dat afkomstig is van de vader of van de moeder. Dit 
fenomeen wordt imprinting genoemd. 

Bij geïmprinte genen wordt één van beide kopieën uitgeschakeld, soms op het 
paternale soms op het maternale chromosoom. Dat uitschakelen vindt plaats door 
aan een van de bouwstenen van DNA, het cytosine, een extra methylgroep te 

binden. Geïmprinte genen liggen vaak in clusters bij elkaar. Regulering van 
geïmprinte genen vindt plaats doordat specifieke gebieden binnen zo’n cluster op 
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slechts één van beide chromosomen gemethyleerd worden. Deze gebieden heten 
differentieel gemethyleerde regio’s, DMR’s. 

Imprinting clusters in BWS 

Eind jaren ’90 werden, in het gebied betrokken bij BWS, twee clusters met 
geïmprinte genen ontdekt. In beide clusters werden DMR’s gevonden die de 
expressie van genen in het cluster reguleren (zie figuur 2 hoofdstuk 1). 

Het cluster dat het dichtst bij de tip van het chromosoom ligt bevat een 

embryonale groeifactor, IGF2. Als er in muizenembryo’s teveel van dit eiwit 
aangemaakt wordt, hebben de muizen bij de geboorte een aantal eigenschappen 
die ook bij BWS patiënten gevonden worden. De DMR van dit cluster (DMR1) ligt 
vlakbij de promotor van een gen (H19) dat wel tot expressie komt maar niet 

codeert voor een eiwit. H19 en IGF2 zijn complementair geïmprint. Dit betekent 
dat als H19 tot expressie komt, de expressie van IGF2 wordt onderdrukt en 
andersom. DMR1 is alleen gemethyleerd op het maternale chromosoom. De kopie 
van H19 die van de moeder afkomstig is wordt geïnactiveerd, terwijl IGF2 tot 

expressie komt. 

Vlakbij dit eerste gencluster ligt een tweede cluster. Ook dit cluster bevat een 
DMR (DMR2) dat in het KCNQ1OT1 gen gelokaliseerd is, ook van dit gen wordt geen 

eiwit gemaakt. De expressie van dit gen is gekoppeld aan de expressie van een 
aantal andere genen in dit cluster. Een ervan is CDKN1C. Als CDKN1C uitgeschakeld 
wordt in muizenembryo’s, hebben deze muizen bij de geboorte ook een aantal 
kenmerken van BWS patiënten. De rol van de andere genen in dit cluster bij het 
ontstaan van BWS is nog niet helemaal duidelijk. DMR2 is gemethyleerd op het 

chromosoom dat van de moeder afkomstig is. Op dit chromosoom wordt dus de 
expressie van KCNQ1OT1 onderdrukt waardoor de andere genen, waaronder 
CDKN1C, tot expressie komen. 

Bij BWS patiënten worden in beide clusters afwijkingen gevonden die geïmprinte 

expressie in deze clusters veranderen (zie figuur 1). Bij een deel van de patiënten 
wordt de DMR van het bovenste cluster op de normaal ongemethyleerde maternale 
kopie gemethyleerd (gain of methylation, GOM), waardoor IGF2 van beide kopieën 

wordt afgelezen. Hierdoor ontstaat teveel van deze embryonale groeifactor, 
waardoor BWS patiënten te groot zijn bij de geboorte. IGF2 komt alleen vóór de 
geboorte tot expressie, daarna wordt het uitgeschakeld en nemen andere 
groeifactoren het over. Dit verklaart waarom de verhoogde groeisnelheid alleen 
vóór de geboorte optreedt. 

Bij een deel van de patiënten wordt de DMR van het tweede cluster op de 
normaal gemethyleerde maternale kopie gedemethyleerd (loss of methylation, 
LOM), waardoor onder andere CDKN1C niet meer tot expressie komt. Er ontstaat 

een tekort aan deze remmer van celdeling, waardoor overgroei optreedt bij BWS 
patiënten. 
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Figuur 1 Methyleringspatronen van de geïmprinte regio’s in een gezonde persoon (bovenaan) 
en de mogelijke afwijkingen die bij BWS en SRS patiënten gevonden worden. 
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Bij UPD patiënten zijn beide kopieën van DMR1 en DMR2 van de vader afkomstig 
en hebben dus de paternale imprint. Dat resulteert in GOM van DMR! (dus 
overexpressie van IGF2) en LOM van DMR2 (verlies van CDKN1C expressie).  

Methyleringsdefecten en UPD komen bijna altijd in mozaïekvorm voor, dat wil 
zeggen dat de methyleringsafwijking alleen in een deel van de cellen voorkomt en 
er ook cellen met normale geimprinte expressie zijn. 

Diagnostische test 

De eerste studie in dit proefschrift (hoofdstuk 2) had als doel  het opzetten van 
een test waamee methyleringsafwijkingen in beide DMRs aangetoond kunnen 

worden.  Omdat het methyleringsdefect soms maar in een klein percentage van de 
cellen aanwezig is, moet de test gevoelig genoeg zijn om ook kleine verschuiving in 
het methyleringspatroon betrouwbaar te kunnen detecteren. 

De test is gebaseerd op enzymen die DNA strengen alleen knippen als het DNA 

niet gemethyleerd is (zie figuur 3 in hoofdstuk 1). 

Daardoor ontstaan grote DNA fragmenten als het DNA gemethyleerd is, en kleine 

fragmenten als het DNA niet gemethyleerd is. De fragmenten worden gescheiden op 
een agarose gel, overgebracht op een membraan en vervolgens gehybridiseerd met 
een radioactieve probe. Door de hoeveelheid radioactiviteit in beide fragmenten 
met elkaar te vergelijken kan een verhouding tussen de fragmenten worden 
bepaald. In een normale situatie is steeds één kopie gemethyleerd en één 

ongemethyleerd, beide fragmenten zijn aanwezig in de verhouding 1:1 (0.50). Als 
bij BWS patiënten verlies van methylering (LOM) optreedt, zal het enzym vaker 
kunnen knippen en zullen meer kleine fragmenten ontstaan. De verhouding 
verschuift dan naar een waarde onder 0.50. Als echter meer methylering (GOM) 

aanwezig is, kan het enzym minder vaak knippen en zullen meer grote fragmenten 
ontstaan. De verhouding verschuift dan naar een waarde boven de 0.50. 

Bij deze techniek is het belangrijk om te controleren of het enzym wel goed 

gewerkt heeft en daarvoor zijn controle fragmenten toegevoegd aan de test. 

De test wordt sinds 2001 gebruikt voor de bevestiging van de diagnose BWS. We 
zijn met deze test in staat de diagnose BWS in 80% van de patiënten te bevestigen. 

Er zijn vier groepen patiënten te onderscheiden: in een eerste groep patiënten is 
sprake van een pUPD, waardoor beide DMR’s afwijkende methylering vertonen, 
DMR1 vertoont GOM en DMR2 vertoont LOM. In een tweede groep is sprake van een 
methyleringsdefect in alleen het bovenste cluster, er wordt GOM of DMR1 gevonden 
bij deze patiënten. In een derde groep wordt LOM van DMR2 gevonden en bij de 

vierde en laatste groep worden geen methyleringsafwijkingen gevonden in beide 
clusters.  

Door meer dan 100 goed beschreven BWS patiënten te analyseren is de verdeling 

over de verschillende groepen vastgesteld. De grootste groep (55%) vormen de 
patiënten met alleen LOM van DMR2, 20% van de patiënten vertoont pUPD, bij 20% 
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van de patiënten wordt geen methyleringsafwijking gevonden en bij een kleine 
groep (5%) wordt alleem GOM van DMR1 gevonden. 

In deze grote serie patiënten werden tumoren gevonden in patiënten uit alle 

groepen, behalve die uit de groep met alleen LOM van DMR2. Het aantal kinderen 
met kanker in deze serie was echter te laag om hieruit conclusies te trekken.  

Tumorrisico BWS patienten 

Daarom hebben we in een tweede studie (hoofdstuk 3) specifiek gekeken naar 
BWS patiënten die kanker kregen. We hebben onze data (114 patienten/28 
tumoren) gecombineerd met data uit twee grote studies uit de literatuur; deBaun 

et al in 2002 (92 patienten/16 tumoren) en Weksberg et al (81 patienten/16 
tumoren) . Zo konden we methylerings-gegevens verzamelen over 287 BWS 
patiënten, van deze groep kregen 63 patiënten kanker. Het bleek dat patiënten met 
GOM van DMR1 de grootste kans (50%) hadden op het krijgen van kanker, al deze 
patiënten ontwikkelden een niertumor (Wilms tumor).  

Patienten met LOM van DMR2, de grootste groep BWS patiënten, hadden een heel 
laag tumorrisico, bij deze patiënten werd juist nooit een niertumor gevonden. 
Patienten met pUPD en patiënten waarbij geen methyleringsafwijking gevonden 

werden hadden een matig verhoogd tumorrisico, bij hen werden zowel niertumoren 
als andere kindertumoren gevonden. Op basis van deze bevindingen wordt 
momenteel het tumorscreeningsprotocol voor BWS patiënten aangepast; BWS 
patiënten met LOM van DMR2 hoeven het strikte driemaandelijks screeningsprotocol 

niet meer te volgen. 

Tumorrisico van patiënten met hemihypertrofie 

Overgroei van een gedeelte van het lichaam (hemihypertrofie) is één van de 

kenmerken die vaak bij BWS patiënten wordt gevonden. Maar ook patiënten met 
alleen hemihypertrophy (isolated hemihypertrophy, IH) krijgen relatief vaak kanker. 
Bij deze patiënten werden methyleringsafwijkingen gevonden die ook bij BWS 
patiënten voorkomen. We hebben een serie van 114 IH patiënten geanalyseerd. In 
tegenstelling tot BWS patiënten werd er bij het overgrote deel (75%) van deze 

patiënten geen methyleringsafwijking gevonden. Tumoren werden gevonden in alle 
groepen patiënten behalve die met LOM van DMR2, maar de groep was te klein om 
significante uitspraken te doen over het tumorrisico. Omdat ook tumoren werden 
gevonden in de IH patiënten waarbij geen methyleringsafwijking gevonden werd, 

moet het screeningsprotocol voor deze patiënten gehandhaafd blijven. 

Imprinting bij het Silver-Russell Syndroom 

Door een Franse groep (Rossignol et al 2005) werd bij patiënten met een 
groeiachterstand, patiënten met het Silver-Russell Syndroom (SRS), verlies van 

methylering van DMR1 gevonden. Bij deze patiënten wordt de normaal 
gemethyleerde paternale kopie gedemethyleerd waardoor de expressie van IGF2 
onderdrukt wordt en een groeiachterstand ontstaat. Wij hebben 9 patiënten met 
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een volledig of gedeeltelijk SRS fenotype geanalyseerd, bij 2/3 patiënten met een 
volledig fenotype werd LOM van DMR1 gevonden, maar ook bij patiënten met een 
onvolledig klinisch beeld werd LOM gevonden. Sinds deze studie wordt ook bij SRS 

patiënten routinematig de methyleringsstatus van DMR1 bepaald om de diagnose te 
bevestigen. Bij ongeveer 30% van de onderzochte SRS patiënten wordt een afwijking 
gevonden. 

Nieuwe methyleringstest 

Een probleem bij de diagnostiek bij BWS patiënten is het feit dat voor de 
gebruikte methode om methylingsafwijkingen te bepalen een relatief grote 
hoeveelheid (50 g) DNA nodig is. Vooral omdat het vaak om kleine kinderen gaat is 
het moeilijk om genoeg DNA te isoleren om de test uit te kunnen voeren. Daarom is 

gezocht naar een methode (hoofdstuk 6) waarbij met eenzelfde gevoeligheid en 
nauwkeurigheid, maar met minder DNA methyleringsafwijkingen kunnen worden 
aangetoond. Door DNA te behandelen met natriumbisulfiet worden 
ongemethyleerde cytosines omgezet in uracil, op deze manier is onderscheid te 

maken tussen gemethyleerd en ongemethyleerd DNA. HRMA (high resolution 

melting analysis) is een techniek waarbij op basis van verschillen in smeltpatronen 
van gemethyleerd en ongemethyleerd DNA verschillen in verhoudingen tussen beide 
kopieen kunnen worden bepaald. Voor deze techniek is veel minder (100 ng) DNA 
nodig. Deze methode is vergeleken met de test gebaseerd op restictie-enzymen, en 

met de nieuwe methode kunnen methyleringsafwijkingen net zo betrouwbaar 
aangetoond worden. Sinds begin 2008 wordt HRMA binnen de DNA-diagnostiek 
gebruikt voor de analyse van BWS en SRS patiënten. 

Imprintingsafwijkingen buiten de 11p15 regio’s 

In 2007 werd door een Engelse groep (Mackay et al., 2006) beschreven dat bij een 
deel van de patiënten met voorbijgaande neonatale diabetes naast LOM in een 
gebied op chromosoom 6 ook LOM in de 11p15 DMR2 regio gevonden worden. Dit 

werd HIL (hypomethylation of Imprinted Loci) genoemd. Vervolgens werden ook bij 
een kleine groep BWS patiënten met LOM van DMR2 methyleringsafwijkingen 
gevonden in regio’s buiten 11p15 (Rossignol et al., 2006). Samen met een Italiaanse 
en een Engelse onderzoeksgroep hebben we tien ge mprinte regio;’s onderzocht bij 
in totaal 150 BWS patiënten (hoofdstuk 7). HIL werd uitsluitend gevonden bij BWS 

patiënten met LOM van DMR2, 25% van deze patiënten bleek hypomethylering van 
minimaal 1 locus buiten de BWS regio te vertonen. Er werd geen duidelijk verband 
gevonden tussen de betrokken regio’s en het fenotype. 

BWS tweelingen 

Onder BWS patiënten komen relatief veel tweelingen voor. Opmerkelijk is het 
grote aantal eeneiige tweelingen, die genetisch volledig identiek zijn, waarbij één 
van beide kinderen het BWS syndroom heeft, terwijl het ander kind gezond is. Deze 
tweelingen zijn bijna altijd meisjes. 
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In de loop der jaren hebben we van ongeveer 400 klinisch goed gedefinieerde BWS 
patiënten de methyleringsstatus op chromosoom 11p15 bepaald. Hieronder waren 
12 tweelingen en één drieling, op één na allemaal meisjes. In één tweeling werd 

een trisomie 11p15 aangetoond, in één tweeling werd geen methyleringsafwijking 
van DMR1 en DMR2 gezien, bij álle anderen werd LOM van DMR2 aangetoond. In DNA 
geisoleerd uit wangslijmvlies van de tweeling wordt de methyleringsafwijking alleen 
gevonden in het kind met het BWS syndroom. Als in bloed twee kinderen van een 
MZ tweeling wordt gekeken naar methyleringsafwijkingen, wordt deze zowel in het 

aangedane als het niet aangedane kind gevonden. Dit wordt echter alleen gevonden 
als de tweeling een placenta heeft gedeeld (monoplacentaal). Het is daarom 
aannemelijk dat uitwisseling van bloed via de placenta een belangrijke rol speelt 
bij de uitwisseling van afwijkende cellen tussen het BWS en het gezonde kind. 

Echter, in deze studie beschrijven wij een aantal observaties die niet volledig 
verklaard worden door deze uitwisseling en stellen wij een alternatief mechanisme 
voor. Het bestaan van een gezamenlijk dooierzak zou een verklaring kunnen zijn 
voor het feit dat zelfs de stamcellen, die later bloedcellen gaan worden, volledig 
gemengd zijn en dat bij beide kinderen meer 25% afwijkende cellen wordt 

gevonden. 

Bij een hoog percentage (50%) van de tweelingen werden methyleringsafwijkingen 
buiten de 11p15 regio gevonden. De genen die tot nu toe bij HIL betrokken zijn, 

zijn allemaal gemethyleerd op het maternale chromosoom. Bij twee tweelingen 
werd, in afwijking van wat tot nu toe gevonden werd, ook LOM gevonden in H19 dat 
in de normale situatie op het paternale chromosoom gemethyleerd is. 

In de BWS drieling werd een geringe methyleringsafwijking gevonden in één van 

beide kinderen die niet het BWS syndroom hadden. Dit meisje vertoonde echter wel 
enkele eigenschappen die met BWS geassocieerd zijn zoals overgroei en een iets 
vergrootte tong. Dit wijst erop dat de methyleringsafwijkingen waarschijnlijk pas 

na de geboorte zijn ontstaan. 

Overerving van duplicaties 

De laatste studie in dit proefschrift betreft de overerving van chromosomale 

afwijkingen binnen twee families waarbij bij dragers van identieke afwijkingen toch 
verschillende kenmerken worden gezien. In de eerste familie werd een 
chromosomale translocatie tussen chromosoom 4 en 11 doorgegeven. Bij twee 
personen in deze familie is deze translocatie in ongebalanceerde vorm aanwezig, 
dat wil zeggen dat een gedeelte van chromosoom 4 ontbreekt en er een extra kopie 

van de tip van chromosoom 11 aanwezig is. Als deze extra kopie van de vader komt, 
heeft het de paternale imprint en komt IGF2 verhoogd tot expressie. Deze patiënt 
heeft prenatale overgroei, BWS. Als de extra kopie van de moeder komt, heeft het 
de maternale imprint en komt CDKN1C verhoogd tot expressie. Deze patient heeft 
een prenatale groeiachterstand. Binnen de tweede familie werd een verdubbeling 

van slechts een klein gedeelte van chromosoom 11p15 doorgegeven. Het 
gedupliceerde gebied bevat alleen het bovenste cluster met ge mprinte genen. Als 
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deze duplicatie via de vader doorgegeven wordt, krijgt de extra kopie de paternale 
imprint en komt IGF2 verhoogd tot expressie. Deze patiënt heeft prenatale 
overgroei, BWS. Als de duplicatie via de moeder doorgegeven wordt, krijgt de extra 

kopie de maternale imprint. In dat geval is de patiënt normaal, de IGF2 expressie 
blijft ongewijzigd omdat alleen een extra kopie aanwezig is waarvan geen IGF2 
wordt afgelezen.  

De ouderlijke afkomst van de chromosomale afwijkingen bepaalt in deze families 

dus de de expressie van ge mprinte genen waardoor bij eenzelfde afwijking 
verschillende eigenschappen kunnen ontstaan. 

CONCLUSIE 

Door de resultaten van de studies in dit proefschrift zijn we in staat 
methyleringsverschillen in twee geïmprinte regio’s op chromosoom 11p15 
betrouwbaar aan te tonen. Met deze test kunnen we in 80% van de Beckwith-
Wiedemann syndroom patiënten, 30% van de Silver-Russel syndroom patiënten en 

25% van de patiënten met geïsoleerde hemihypertrofie de clinische diagnose 
bevestigen. 

De resultaten van de test biedt bij BWS patiënten de mogelijkheid uitspraken te 

doen over het tumorrisico en het soort tumor van individuele patiënten. Meer dan 
de helft van de BWS patiënten heeft een methyleringsafwijking waarbij een laag 
tumorrisico gevonden wordt, deze hoeven niet meer aan een streng 
screeningsprotocol deel te nemen. De andere patiënten hebben wel een verhoogd 

tumourrisico en is de methyleringsafwijking die gevonden wordt een indicatie voor 
de soort tumor die zich kan ontwikkelen. 

Doordat de techniek waarmee de test uitgevoerd is aangepast, kan de test nu met 

een geringe hoeveelheid DNA uitgevoerd worden, zodat deze ook bij kleine 
kinderen eenvoudiger kan worden uitgevoerd. 

De studies hebben bovendien meer inzicht gegeven in de achtergronden van de 

methyleringsafwijkingen die worden gevonden. Bij een gedeelte van de patiënten is 
de methyleringsafwijking niet beperkt tot de 11p15 regio maar zijn ook geïmprinte 
regio’s op andere chromosomen betrokken. Er lijkt geen verband te bestaan tussen 
de regio’s die betrokken zijn en de klinische kenmerken van de patiënten. 

Uit het onderzoek naar BWS-tweelingen zijn een aantal feiten naar voren 

gekomen die aanwijzingen vormen voor het ontstaan van tweelingen en de 
uitwisselingen van embryonale stamcellen tussen de BWS patiënt en haar gezonde 
tweelingzus/broer. 

Als een chromosomale translocatie binnen een familie doorgegeven wordt, 
kunnen de klinische kenmerken van dragers van die translocaties verschillen. Deze 
verschillen zijn afhankelijk van de ouder waarvan de translocatie afkomstig is, 

omdat dit de methylerings-status van geïmprinte gebieden bepaalt. 
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Als een promotietraject afgerond wordt dat zo lang is als het mijne, is het 

dankwoord ook automatisch lang! 

Als eerste wil ik natuurlijk Marcel Mannens bedanken. Marcel, mijn copromotor, 

mijn ‘baas’, mijn ‘buurman’, en al bijna 25 jaar vooral ook mijn vriend. Op mijn 
directe familie na ben jij degene die mij het langst en best kent! 

Zonder jou zou dit proefschrift er nooit gekomen zijn. Samen begonnen we in 

1985 aan het onderzoek naar de genetica van Wilms tumoren, jij als promovendus, 
ik als ‘jouw’ analist. Jij bood me in 1996 de mogelijkheid om als analist te gaan 
promoveren. De onderzoekslijn werd gericht op de ontrafeling van de achtergrond 
van een groeistoornis met een verhoogd risico op kindertumoren. Bert Redeker, 
Marielle Alders en Marja Steenman waren mij voorgegaan, nu mocht ik zelf het 

voortouw nemen en onze onderzoeksresultaten publiceren. 

Andries Westerveld was het met onze plannen eens en heeft mij de eerste jaren 
op weg geholpen. Het onderzoek vorderde gestaag, ik deed aan een aantal AIO 

cursussen mee en ging mee naar Texel, naar de AIO retraite van de 
onderzoeksschool GEMO. Geen enkel teken dat dit pad tot promotie anders zou zijn 
dan dat van de meeste andere promovendi. 

Maar er kwamen echter een paar flinke kinken in de kabel. Leuke kinken, dat 

wel: in 1998 werd ik zwanger en na de bevalling van mijn dochter Roos heb ik 
tijdens mijn zwangerschapsverlof mijn eerste publicatie geschreven. In 2000 werd 
mijn zoon Jan-Willem geboren, ik ging parttime werken en voor mijn kinderen 

zorgen. We waren er allemaal van overtuigd: het promoveren zal niet snel gaan, 
maar we doen het er gewoon naast. Marcel had inmiddels de leiding op de afdeling 
laboratorium DNA diagnostiek van de afdeling Klinische Genetica en was met zijn 
nieuwe lab verhuisd naar een noodgebouwtje naast het AMC. In 2001 kwam de 
functie van hoofdanalist vrij op deze afdeling. Een geweldige uitdaging die precies 

bij mij paste. Ik heb dan ook geen moment getwijfeld en heb de uitnodiging van 
Marcel om op deze functie te solliciteren meteen aangenomen. ‘Maar hoe moet dat 
nu met die promotie’? ‘Ach, dat regelen we wel, dat doen we er gewoon naast’. 
Maar het er ‘zomaar naast doen’ viel toch niet mee, steeds waren er 
ontwikkelingen op het lab die al mijn aandacht opeisten en bovendien wilde ik niets 

missen van het opgroeien van mijn kinderen. 

Maar nooit gaven we (helemaal) op. Omdat ik nu voor de afdeling Klinische 
Genetica werkzaam was, kreeg ik er een promotor bij, Nico Leschot. Om de paar 

maanden was er een bespreking met Marcel, Andries en Nico, waarin we weer 
moedig een nieuwe planning maakten. Nog een jaartje, dan móet het echt klaar 
zijn! Andries en Nico, ik wil jullie vooral danken voor de voortdurende steun tijdens 
mijn promotie, ik weet zeker dat jullie ook op momenten getwijfeld hebben aan de 

goede afloop maar het is dank zij jullie toch gelukt.  

Het laboratorium voor DNA diagnostiek verzorgde de moleculaire diagnostiek van 
het Beckwith-Wiedemann Syndroom, mijn onderzoek richtte zich op de relatie met 

de klinische achtergronden van dit syndroom. 
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Saskia Maas, als klinische geneticus werkzaam bij de afdeling, interesseerde zich 
ook voor dit ziektebeeld. Ze ontwikkelde een vragenlijst die we aan alle BWS 

patiënten stuurden om meer inzicht te krijgen in de achtergronden van de BWS 
patiënten. Hierdoor is een schat aan informatie verzameld over een grote groep 
BWS patiënten. Saskia, dank dat ik steeds met al mijn klinische vragen bij je 
terecht kon. En je ziet het: promoveren kan best! 

Phia Kuijten zorgde voor de ontvangst van deze vragenlijsten en voerde alle 
gegevens in in een enorme excel file. Deze database heeft als basis gediend bij een 
groot deel van de publicaties in dit proefschrift. Phia, ook jij mijn hartelijke dank 

voor alle noeste arbeid. 

Marielle Alders, ik wil je danken voor je steun en de vele inhoudelijke discussies 
over het onderzoek. Je was mijn vraagbaak, maar ook degene die me stimuleerde 

om zelf in de materie te duiken en te vertrouwen op mijn eigen kunde. Je bent een 
bijzonder mens. 

Er zijn drie analisten die ik in het bijzonder wil bedanken. Sebastiaan de Leng 

heeft jarenlang de BWS diagnostiek gedaan en zijn resultaten heb ik mogen 
verwerken in dit proefschrift. Georgette Salieb-van de Beugelaar heeft veel 
aanvullende proeven gedaan voor dit proefschrift, ze is nu zelf aan een 
promotieonderzoek bezig in Twente. Het gaat je zeker lukken, je kunt 
verschrikkelijk interessant vertellen over nanokanaaltjes! En dan Karin van der Lip, 

als studente ooit bij ons begonnen, nu betrokken bij de BWS diagnostiek en het 
onderzoek dat daar aan verbonden is. Je zult af en toe gek van me geworden zijn, 
steeds weer vragen om extra testen uit te voeren of om resultaten van oude 
experimenten terug te toveren. Heel veel dank allemaal voor jullie geduld! 

En dan de rest van het laboratorium DNA diagnostiek: Bert, Paola, Hennie, Ronald 

en Zahir en ‘mijn’ analisten Loraine, Jessica, Maureen, Faranak, Patricia, Karin, 
Bayram, Peter, Kitty-Nora, Fatima, Imo, Richard, Jeanot, Cyril, Dion, Sander, 
Angeline, Sebastiaan, Dennis en Krista (de laatste twee hebben inmiddels een baan 

elders). Een groep van zeer verschillende mensen. We zijn samen een team, geen 
hechte vriendenclub, maar iets als een gezin waarin ieder zijn eigen plek en functie 
heeft en waarin we niet zonder elkaar kunnen. Een fijne groep om in te werken. Na 
mijn promotie zullen jullie weer met volle teugen kunnen genieten van al mijn 

‘verzoeken’ en ‘lijstjes’! Het T-gebouw is overvol dus we moeten wel een keer 
verhuizen. Toen ik op het AMC kwam werken, hadden collega’s het steeds over 
‘toen in de Sarphatistraat’; ik denk dat wij het nog lang zullen hebben over hoe 
goed alles wel niet was in het T gebouw! 

Eelco, hartelijk dank voor je hulp bij het maken van de figuren voor dit 

proefschrift. Je denkt: een figuur is gewoon een plaatje, maar er komt nog heel 
wat bij kijken voor alle figuren in het juiste format in een proefschrift zitten… 

Drie mensen heb ik nog niet genoemd: Ruud, onze KF, maar daarnaast zeer 

betrokken bij alles wat er in T gebeurt. Dank voor al je steun, zowel al je hulp bij 
praktische zaken als wel de verzorging van de innerlijke mens! 
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En dan Angie en Mariëlle, mijn paranimfen, het leek soms wel of jullie het net zo 
druk hadden met mijn promotie als ik. Angie, dank je voor al je hulp bij de layout 

van dit proefschrift, het was een heel werk maar ik vond het vooral erg gezellig om 
dit met je te doen. En Mariëlle, ik voel me nog steeds helemaal vereerd dat je 
speciaal voor mij een hele quilt hebt willen maken. Het begon als een grap, en je 
doet het met plezier maar ik vind het echt heel bijzonder dat je dit voor me hebt 

willen doen. Na mijn promotie krijgt hij een mooi plekje in huis. 

En dan natuurlijk het thuisfront! Pa en ons Moeke: ongelooflijk he, dat ik het 
uiteindelijk toch zover heb geschopt! Dank voor jullie steun gedurende al die jaren. 

Hans, Roos en Jan-Willem, mijn eigen gezin, voor jullie heb ik de vertraging in mijn 
promotietraject met liefde overgehad. Jullie zijn echt het allerbelangrijkste in mijn 
leven en ik had er geen minuut van jullie willen missen, ik houd van jullie! 
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