
Original Paper 1610117

Eur J Hum Genet 1994;2:3-23

Parental Imprinting of Human 
Chromosome Region 11p15.3-pter 
Involved in the Beckwith-Wiedemann 
Syndrome and Various Human 
Neoplasia

M. Mannens3 
J.M.N. Hooversa 
E. Redekera, M. Verjaal3 
A.P. Feinbergb, P. Littlec 
M. Boavidaä, N. Coade
M. Steenman^ b, J. BliekA
N. Niikawa{, H. Tonoki8 
Y. Nakamurah
E.G. deBoera
RM. SlaterA R. Johnc
J.K. Cowell', C. Junieni
I. Henryi, N. Tommerupk
R. Weksberg1
SM. Pueschelm
N.J. LeschoP, A. Westervelda

Abstract
Cytogenetic and DNA analyses of patients with the Beckwith- 
Wiedemann syndrome (BWS) enabled us to refine the local
ization of the syndrome at llpl5.3-pter to two distinct 
regions. One chromosome region (BWSCR1) is near the insu
lin (INS) and insulin-like growth factor 2 (IGF2) genes. The 
other region (BWSCR2) is more proximal near two sequences 
with zinc-binding finger motifs and a number of known and 
putative genes. This latter region, at least, seems to be associat
ed with the development of childhood tumors. Our results 
strongly support the proposed involvement of parental im
printing in the etiology of BWS since all balanced chromosom
al abnormalities in these patients were maternally transmitted 
while the mothers were phenotypically normal. We demon
strate that such an autosomal balanced rearrangement can 
lead to a specific maternal hypomethylation of the INS/IGF2 
genes localized distal to the breakpoint. This underlines the 
role of these genes in the etiology of the syndrome.
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tism and craniofacial and cardiac defects as 
do children with BWS. Low blood glucose lev
els have been described in non-BWS patients 
with mesenchymal tumors including the 
BWS-associated tumors [reviewed by Macau
lay, ref. 11].

In this respect, the assignment of BWS to 
chromosome region lip 15, near the insulin 
(INS) and insulin-like growth factor 2 (IGF2) 
genes, is interesting [12, 13]. Indeed, in some 
cases of BWS, overproduction of INS and the 
IGF2 gene products has been noted [ref. 9 and 
references therein; this study]. Increased ex
pression of IGF2 has also been found in 
Wilms’ tumors and many other tumors in
cluding all those associated with BWS [14].

Overproduction of INS and/or IGF2 could 
therefore be responsible for the hypoglycemia 
and gigantism or other growth abnormalities 
in BWS children. Although this relationship 
has been found in many BWS patients and 
families, Henry et al. [15] presented a BWS 
pedigree in which the disease did not segre
gate with the insulin marker as studied with 
linkage analysis. They suggest genetic hetero
geneity in the syndrome.

Introduction

The Beckwith-Wiedemann syndrome
(BWS) was first described independently by 
Beckwith [1] and Wiedemann [2]. It occurs 
with an incidence of 1:13,700 births and is 
characterized by numerous growth abnormal
ities especially the EMG triad: exomphalos 
(umbilical hernia), macroglossia (enlarged 
tongue) and gigantism [3]. These features are 
variably present and can be found in associa
tion with multiple abnormalities including 
neonatal hypoglycemia (low blood glucose 
levels), typical ear creases and pits, and a uni
lateral growth abnormality of parts of the 
body called hemihypertrophy.

The incidence of different types of tumors 
found in BWS patients is 7.5% including the 
following childhood tumors: Wilms’ tumor 
(59% of all tumors found in this disorder), 
adrenocortical carcinoma (15%), and a few 
instances of hepatoblastoma and rhabdomyo
sarcoma [4]. All of these childhood tumors 
showed loss of heterozygosity for chromo
some 1 lpl5 alleles suggesting a common 
pathogenetic mechanism [5, 6].

The clinical findings in BWS patients tend 
to become less distinctive with age and there
fore the syndrome can be underdiagnosed in 
adults [7], Chitayat et al. [8] suggest that the 
clinical features of this overgrowth syndrome 
may be caused by persistent rests of embryo
nal cells that secrete paracrine and/or endo
crine growth factors. These embryonal cells 
might also be precursor cells of the childhood 
tumors associated with BWS.

In 30% of the BWS patients, hypoglycemia 
has been diagnosed, which might be caused by 
the overproduction of insulin [9], Children 
with BWS and children bom to mothers with 
diabetes share certain clinical features [10]. 
Infants of diabetic mothers also develop high 
insulin levels to cope with their mothers, high 
blood glucose levels, sometimes have gigan

Chromosomal Abnormalities in the 
Syndrome

A few BWS cases with chromosomal ab
normalities have been described. These pa
tients provide evidence for an involvement of 
lip 15 in the syndrome. Since 1983, 18 cases 
with duplications of 1 lp material have been 
reported. These are of paternal origin in all 11 
informative cases (table 1). The smallest du
plicated region described is 1 lpl5.4-pter [21, 
this study]. In addition, 5 patients have been 
described as having duplications of 1 lpl 5 but 
were not classified as having BWS even 
though various features of the syndrome were 
indeed present [reviewed by Turleau and de
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Table 1. Parental origin of chromosomal lip ab
normalities found in BWS patients

Grouchy, ref. 21]. In 4 out of 5 cases, the par
ental origin of the duplication was paternal. 
The only exception had a complex chromo
somal rearrangement resulting in a partial 
lip trisomy.

Two cases with a maternally derived bal
anced chromosomal rearrangement in lip 15 
have been described [25, 26], Two BWS pa
tients had deletions of material from the prox
imal part of lip as judged by conventional 
cytogenetic analysis [28,29]. In all cases with
out cytogenetically detectable chromosome 
abnormalities (the large majority), no duplica
tions or deletions could be detected at the 
molecular level [3, 15, 30-32, this study].

Apart from trisomy 1 lp or balanced chro
mosomal abnormalities involving 1 lpl5, uni
parental paternal isodysomy of the region 
containing IGF2 has been reported [33, 34],

OriginReference

Duplications of lip
Waziri et al. (1983) [16]

(patient 1 this study)
Turleau et al. (1984) [17]
Joumel et al. (1985) [18]

(patient 4 this study)
Okano et al. (1986) [19]
Wales et al. (1986) [20 
Henry et al. (1989b)[21]
Brown et al. (1990) [22]
Tonoki et al. (1991) [23]

(patient 3 this study)
Brown et al. (1992) [24]
Feinberg [pers. commun.] 
Nordenskjöld [pers. commun.]

(2 patients)
Van Heyningen [pers. commun.]

paternal**
paternal

paternal**
paternal
paternal
paternal
paternal

paternal**
paternal
paternal

paternal
paternal

Balanced rearrangements (llpl5.4-pter)
Pueschel et al. (1984) [25]

(patient 7 this study)
Norman et al. (1992) [26]*
Patient 5 this study*
Patient 6 this study 
Patient 8 this study 
Patient 9 this study 
Niikawa [pers. commun.]

Mode of Inheritance maternal**
maternal
maternal**
maternal**
maternal**
maternal**
maternal

Pettenati et al. [3] showed that 85% of the 
BWS cases are sporadic and 15% occur in a 
familial form. The mode of inheritance is 
probably autosomal dominant with incom
plete penetrance [3, 35]. However, the syn
drome is often only transmitted through fe
males [36, 37], Recent evidence suggests that 
genomic imprinting may explain this finding 
[38, 39], From studies in human and mouse it 
is well established that the IGF2 gene is ma
ternally imprinted and its receptor, as well as 
the H19 gene, are paternally imprinted [40- 
46]. IGF2 and HI9, both localized to 1 lpl5, 
might therefore be candidate genes for the 
imprinting effects seen in BWS.

So far, 14 cases of monozygotic twins with 
the Beckwith-Wiedemann syndrome have 
been reported [30, 35,47-53], Interestingly, in 
12 out of 14 monozygotic twins only one of the 
two children had BWS. Lubinsky and Hall [51] 
suggest that there might be a relation between

The table shows that the origin of all BWS duplica
tions with known parental origin is paternal. All bal
anced rearrangements are of maternal origin. Of the 
balanced rearrangements, two patients had an inv(l 1) 
(indicated *); all other patients had balanced transloca
tions. Cases marked were analyzed in this study. 
Prior to analysis at the Institute of Human Genetics, 
University of Amsterdam, cytogenetic analysis on the 
following balanced chromosomal abnormalities had 
been originally performed by Tommerup et al. (patient 
8, fig. 1), Boavida et al. (patient 5), Niikawa et al. (pa
tient 10) and Weksberg et al. (patient 9).

**
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autosomal imprinting and X inactivation since 
all reported BWS twins are female.

Méthylation often reflects the active or 
inactive status of a gene [reviewed in Sapien
za et al. 54], In studies on BWS children of 3 
monozygous BWS twins, hypomethylation of 
IGF2 was only found in the affected children 
[Weksberg, pers. commun.].

In this study we undertook the molecular 
and cytogenetic analysis of a large series of 
BWS patients to determine the critical region 
of 1 lpl5 involved in the syndrome and asso
ciated tumors. Furthermore, we give addi
tional evidence for a possible role of genomic 
imprinting in the syndrome because, apart 
from the preferential paternal origin of dupli
cations, the predominantly maternal mode of 
inheritance, the paternal disomies and the 
location of the syndrome in a region already 
associated with genomic imprinting in Wilms’ 
tumor [55, 56 and references therein] and 
rhabdomyosarcoma [57], we now demon
strate that the parental origin of 7 out of 7 bal
anced BWS rearrangements is maternal.

Our results indicate that these transloca
tions causing the BWS phenotype map to two 
distinct regions of llpl5.3-pter (BWSCR1 
and BWSCR2). At least one region 
(BWSCR2) seems to be associated with the 
development of childhood tumors. All 7 
translocations are maternally transmitted 
while the mothers were phenotypically nor
mal. In addition, we demonstrated that a bal
anced BWS translocation of maternal origin 
in region 1 lpl5.3 led to a specific hypomethy
lation of the INS/IGF2 genes. These genes 
map distal to this breakpoint at 1 lpl5.5 and 
are candidate genes for BWS.

We propose a model in which, apart from 
INS and IGF2, at least one suppressor gene is 
involved in the etiology of BWS and associat
ed childhood tumors. In this model, IGF2 and 
the suppressor gene(s) show opposite parental 
imprinting.

Materials and Methods

Patients
Blood samples for Epstein-Barr vims (EBY) trans

formation, cytogenetic analysis or direct DNA isola
tion from BWS patients and in most cases their parents 
were obtained from hospitals in The Netherlands 
(B8.1, B9.1, B10.1, B12.1, B13.1, B15.1, B16.1, B17.1, 
B18.1, BW6.1, BW7.1), United Kingdom (Bl.l, B2.2, 
B3.1, B4.1, B5.1, B6.1, B7.1, BW1.1, BW2.1), Poland 
(B 11.1), Norway (BW3.1), Denmark [B(9;l 1)1.1; 
BW5.1], France (PEL), Canada (1217), Japan (B24.1 
and B23.1), and the United States (KS, R645, R646, 
B001, B002, B901). In addition we studied a patient 
from Portugal (WH5.1) who had a Wilms’ tumor and 
hemihypertrophy, but only minimal clinical signs of 
BWS. Six BWS patients and WH5.1 developed a 
Wilms’ tumor. A de novo balanced translocation t(l; 
11) found in blood samples of a healthy female [code: 
B( 1 ; 11)1.1] was also studied. The following patients 
have been described elsewhere: R645 and R646 [16, 
58]. Patient R645 carried a der(l 1) with a duplication 
of chromosome band lip 15. Patient R646 had a 
recombinant chromosome with a dup(l 1)(1 lpl 3-pter) 
and a del(l 1)(1 lq23-qter) as a result of a paternal peri
centric inversion. B24.1 carried a dup(ll)(p 15.3-pter) 
of paternal origin [46,-14,+der(14),t(ll;14)(pl5.3; 
q23.3)] [23]. PEL [18, 21] carried a balanced recipro
cal translocation 46,XY,t(ll;18)(pl5.4;pl 1.1). This 
healthy father had two sons with BWS and 
dup(l l)(pl5.4-pter) due to the der(18) chromosome. 
One child presented with an adrenocortical carcinoma. 
B901, a BWS patient with a balanced translocation 
t(l lp;22q), has been described by Pueschel and Padre- 
Mendoza [25]. B001 and B002 [50] are monozygotic 
BWS twins with a duplication/insertion of chromo
some 15(ql 1.2—>q 13) which was maternally inherited. 
The mother had no clinical signs of BWS.

The following patients were renumbered for this 
study: R646 (patient 1), R645 (patient 2), B24.1 (pa
tient 3), PEL (patient 4), WH5.1 (patient 5), B10.1 (pa
tient 6), B901 (patient 7), B(9; 11)1.1 (patient 8), 1217 
(patient 9), B23.1 (patient 10), B(l;l 1)1.1 (patient 11). 
The clinical features of the patients are given in 
table 2.

DNA Isolation, Digestion, Gel Electrophoresis and 
Hybridization
DNA was isolated, electrophoresed, blotted and 

hybridized as described earlier [59]. DNA was isolated 
from lymphocytes or EBV-transformed lymphoblas- 
toid cell lines of the patients.

Parental Imprinting in BWS6 Mannens et al.



Table 2. Clinical features of the patients

PatientsReported clinical features
1 2 3 41 5 6 7 8 92 102

Increased birth weight or 
postnatal gigantism 

Macroglossia 
Ear lobe grooves 
Omphalocele/umbilical hernia 
Visceromegaly 
Inguinal hernia 
Hypoglycemia 
Hemihypertrophy 
Mental retardation (mild) 
Tumor

++ + + + +

+ + + + + ++ + +
+ + ++ + + + +

+ + + + + + + ++
+ + ++
+ +
+ + + +

+
++ + +

+ +

+ = Clinical feature present.
Combined clinical features of 2 sons with BWS. 

2 Incomplete clinical data available.
l

Single-Copy Probes. Band llpl5.4-pter: HRAS1 
(pEJ6.6), INS (pHINS-310 and pgHI3.6), IGF2 
(pHins311), D11S12 (pADJ762) and HBBC (pHd3.2); 
band 1 lpl5.1-pl5.2: CALCA (pEMBL36), and PTH 
(p20.36); band llpl4: HBVS1 (pUCS8-2 and 
pUCRH-6), FSHB (pFSHBl.l), Dll SI 51 (p56H2.4), 
and D11S16 (p32-l); band llpl3: D11S324 
(p60H1.4), D11S323 (p5S1.6), D11S325 (p8B1.25), 
and CAT (pCATintl); band 15qll-ql2: D15S9 
(pML34); band 15qll-ql3: D15S18 (pIR39); band 
15ql2-q24: D15S4 (phage 15); band 15q25-q26: 
IGF2R (pIGF2-I-R.8). An alphoid probe pLCllA 
(D11Z1) [62] was used as a chromosome-specific 
probe for the centromeric region of chromosome 11 
and, D15Z1 for detection of centromere 15 [63].

Cosmids/Phage. HRAS1 (cos 536/537) [64]; INS/ 
IGF2 (COSIGF2 and cosInsul-IGF2) [65]; D11S12 
(e2313/e2328); HBBC (cosHG50) (gift of R. Fodde); 
Dl 1S87 (Cl.l) [66]; CALCA (coshCT2) [67]; CALCB 
(cos SG7.1) [68]; CALCP (lambdaTG3) [69]; D11S431 
(cCIll-10), D11S466 (cCIl 1-280), D11S441 (cCIll- 
38), D11S475 (cCIl 1-310) [70]; D11S834 (ZnFP65); 
D11S776 (ZnFP83), D11S777 (ZnFP94), D11S778 
(ZnFP04), D11S779 (ZnFP40), D11S780 (ZnFP57), 
D11S781 (ZnFP 17), D11S782 (ZnFP 13) [71 ]. For the 
following cosmids no D numbers are yet available: 
L163, L29, L07, L201 [72]; e2624; e3883; e2218; 
e3198; e2293; ZnFP104; C428; C402; A403; C444a;

Dosimetric A nalysis
Autoradiographs were scanned and analyzed as de

scribed earlier [59], A nonsyntenic chromosome 2 
probe L2.3 (D2S1) was used as a reference probe.

DNA Méthylation Studies
The degree of méthylation for the HRAS1, INS, 

IGF2, Dl 1S12 and HBBC alleles was measured using 
the methylation-sensitive enzyme Hpall and its meth- 
ylation-insensitive isoschizomere MspL Double diges
tions with the above-mentioned enzymes and Taql 
enabled identification of the parental origin of the INS, 
Dl 1S12 and HRAS1 alleles in informative cases since 
the markers used recognize a Taql RFLP. To compare 
the results the same blots were used for all markers. All 
experiments were repeated in duplicate or triplicate. 
We studied lymphocytes from blood samples of pa
tient B10.1, his parents and as controls healthy neo
nates and adults. In addition we studied cells from 
amniotic fluid, fetal tissue, placental tissue, EBV- 
transformed cell lines, and Wilms’ tumors.

Probes
The following markers have been used. All single

copy probes are described in detail in the HGM10 and 
10.5 proceedings [60, 61], In all cases the available 
RFLPs were used in informative individuals to deter
mine the allele copy number.
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C444b; C464; A421; A449; B470 [64]; cCIU-289; 
CCI11395; CCI11440; cCIU421; cCIU489; cCI11583 (gift 
Y. Nakamura). The localization of all cosmids is listed 
in figure 1. All probes were nick translated as described 
earlier [59].

Target DNA was then denaturated separately in 100 pi 
of a dénaturation mixture (70% formamide, 2 x SSC, 
40 mM NaHPCU, pH 7), under a sealed coverslip (24 
x 50 mm) for 5 min at 80 °C, and dehydrated through 
an ethanol series (2 x 5 min 70%; 1x5 min 96%; 1 x 
5 min 100%). Slides were dried at 37 °C and then incu
bated overnight at 37 °C with 20 pi probe mixture 
under a coverslip.

CISS Hybridization Combined with Centromere- 
11- or 15-Specific Probes. When cosmids and the cen
tromere-11- or 15-specific probes were hybridized si
multaneously, the cosmid probe was prepared as de
scribed above to a final concentration of 10 pg/pl. Cen
tromere-specific probe (5 pg/pl in the same hybridiza
tion buffer) was denaturated separately for 5 min at 
70°C. Shortly before hybridization, 10 pi of each was 
mixed and applied to denaturated target DNA.

Posthybridization Washes. After hybridization, 
slides were washed (2x1 min) in 50% formamide, 
2 x SSC at 42 °C (pH 7), followed by 2 x SSC (2 x 
5 min) at 42 °C and 4 x SSC/0.05% Tween 20 (Sig
ma), pH 7.0 (1 x 5 min) at room temperature. FITC- 
conjugated avidin (Vector) was used for the detection 
of biotinylated probe (5 pg/ml in 4 x SSC/0.05%

Cytogenetic Analysis
Cytogenetic analysis was performed on new pa

tients to establish the presence of cytogenetic abnor
malities and on patients with known aberrations for a 
better definition of the breakpoints. In all cases with 
chromosomal abnormalities, chromosome slides were 
prepared for in situ hybridization.

Prometaphase Chromosomes. High-resolution 
chromosomes from peripheral lymphocytes were ob
tained according to a double-synchronization tech
nique [78]. EBV transformed lymphoblastoid cell lines 
were cultured in RPMI 1640, supplemented with 15% 
fetal calf serum. The cells were synchronized using a 
thymidine block (final concentration 0.3 mg/ml). After 
incubation at 37° C for 17 h the medium was replaced 
with fresh RPMI and cells were incubated for a further 
5 h. Colcemid was added to a final concentration of 
0.2 pg/ml for 30 min. Cells were harvested according 
to standard procedures, using methanokacetic acid 
(3:1) as a fixative. Slides with well spread metaphases 
and without cytoplasm were kept at 60 °C overnight 
for hybridization.

Fig. 1. Regional mapping of chromosome 1 lp cos
mids and FISH analysis of BWS patients with lip 
abnormalities. D numbers, cosmid names, FLpter val
ues and corresponding lip bands are given for the 
markers used. The order is from telomere (top of table) 
to centromere. Some of the 95% confidence intervals 
are overlapping but often the order could be estab
lished relative to breakpoints. The relative position for 
HRAS1, INS/IGF22 and Dl 1S12 was taken from the 
HGM10 proceedings [61]. Dl 1S87 andDl 1S781 were 
ordered with CHEF analysis (data not shown). The 
position of all breakpoints can be deduced from the 
table. BWS patients 1 (R646), 2 (R645), 3 (B24.1) and 
4 (PEL) presented with lip duplications. BWS pa
tients 5 (WH5.1), 5a (mother WH5.1), 6 (B10.1), 6a 
(mother B10.1), 7 (B901), 8 [B(9; 11)1.1], 8a [mother 
B(9; 11)1.1], 9 (1217) and 10 (B23.1) carried balanced 
chromosomal abnormalities. Patient 11 [B(l; 11)1.1] 
was a healthy female carrying a de novo balanced 
translocation. @ = DNA marker duplicated; ■ = DNA 
marker translocated; 0 = DNA marker not duplicated 
or translocated; - = not done; @ = evolutionarily con
served random cosmid; & = cosmid showing double 
signal; * = FLpter values adapted from Lichter et al.

In situ Hybridization
Probes were biotin-labeled using a nick translation 

kit, according to the manufacturer’s specifications (Be- 
thesda Research Laboratories).

Chromosomal in situ Suppression (CISS) Hybridi
zation. This was adapted from Lichter et al. [73, 75] 
and slightly modified. Prior to hybridization the probe 
was ethanol-precipitated in the presence of x 500 total 
human DNA (THD, Boehringer). The probe was then 
dissolved in a hybridization mixture containing 50% 
formamide (Merck) in 2 x SSC, 50 mM NaHPCL, 
10% dextran sulfate (Pharmacia, pH 7) to give a final 
concentration of 5 ng/pl. After dénaturation of the 
probe mixture (5 min at 70 °C), preannealing of repe
titive DNA sequences was allowed for 1 h at 37° C. 
Slides were treated with RNase (Sigma, 100 pg/ml in 
2 x SSC for 1 h at 37 ° C), followed by proteinase K 
(Boehringer) digestion. Slides were preincubated in 
proteinase K buffer (200 mMTris-HCl, 20 mM CaCb, 
pH 7.4) for 10 min at 37 °C, followed by incubation 
with 5-10 pg proteinase K in 100 ml buffer (10 min at 
37 °C). Subsequently, slides were washed in PBS + 
50 mM MgCl2 and fixed in the same buffer, containing 
4% paraformaldehyde (10 min at room temperature). [73].
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0
D11S781
D11S87

a 0.215-0.231 0
C1.1 13 0 0
e3198
ZnFPl3

0.259-0.288
0.262-0.285

12 -13
12 -13

0
D11S728 0

A421 0 0
B470 0 0
L201 0.297-0.321

0.300-0.335
11.2-12
11.1-11.2

0
e2293 0
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Guildford, UK) were measured using standard ra
dioimmune assay techniques with in-house reagents 
and double-antibody separation.

Only a few reports on endocrine investigations 
describe high levels of IGF2 in some BWS children. 
Therefore we collected the available data on our series 
of BWS patients. The results show that elevated IGF2 
and insulin levels were found in 1 out of 5 BWS chil
dren. This particular child also developed a Wilms’ 
tumor. Although increased expression of these genes 
after birth can be found, it is not a common feature in 
the BWS syndrome. This might be explained by a nar
row time window of overexpression (for example dur
ing fetal development).

Some of the children were tested for 17-OHP, 
DHAS and testosterone because of a report which 
referred to adrenal hyperplasia in BWS patients [78], 
IGF1, C peptide, insulin and GH were chosen because 
of the hypoglycemia and growth abnormalities seen in 
BWS.

Tween 20, 5% nonfat dry milk (NFDM; Elk, Campi- 
na), pH 7) for 20 min at room temperature after a 
10 min preincubation in the same buffer. To amplify 
the signal, slides were washed in 4 x SSC/0.05% 
Tween (3x5 min) and incubated for 20 min in 4 x 
SSC/Tween 20/NFDM + 5 pg/ml biotinylated goat 
anti-avidin (Vector). After 3 washes in 4 x SSC/ 
Tween (3x5 min), the FITC detection procedure was 
repeated. When necessary for signal detection, the am
plification procedure was repeated once more. Finally, 
slides were washed in 4 x SSC/0.05% Tween 20 (1 X 
5 min) and PBS pH 7.4 ( 2 x 5 min) and dehydrated 
through an ethanol series. Slides were mounted in 
35 pi antifade solution [2% l,4-diazobicyclo(2,2,2)- 
octane (Merck) in 90% glycerol, 0.02 M Tris/HCl pH 
7.5] containing 200 ng/ml propidium iodide (Sigma).

Microscope Examination. Slides were examined 
under a Zeiss Axioplan epifluorescence microscope, 
using filterset 09 (BP 450-490, FT 510, LP 520). Pic
tures were taken on a Kodak EPD color slide film.

Probe Localization with Fluorescence in situ Hy
bridization (FISH). Probes were localized by measur
ing the relative position of the probe on the chromo
some. For identification of chromosome 11, the cen
tromere-specific probe pLCllA was used. Map posi
tions of the cosmids were expressed as the fractional 
length of the whole chromosome relative to pter 
(FLpter) [73]. Measurements were done on slides pro
jected on the wall. For each cosmid, FLpter values 
were calculated for 10-15 prometaphase chromosomes 
with a length between 9 and 15 pm, and a 95% confi
dence interval was determined. We compared the 
FLpter values with ideograms based on measurements 
of chromosomes in the same stage of contraction [ap
proximately 750-band stage, ref. 76]. Because mea
sured band positions at a defined band level are very 
consistent [77], they coincide with FLpter values.

The following patients were tested for 17-OHP, 
DHAS, testosterone, IGF1, insulin, C peptide (for 
IGF1/IGF2), and GH: B3.1, B4.1, B5.1, B6.1, B7.1 
and BW2.1. Bl.l and BW1.1 have been tested for 
these markers excluding insulin and C-peptide, and 
B2.1 for GH only.

For patients B2.1, B5.1 and BW2.1 (who developed 
a Wilms’ tumor) no adequate suppression of GH was 
seen after glucose stimulation. BW2.1 also showed 
markedly elevated levels of insulin (155 mU/1 after 90 
min; normal range <100 mU/1) and C-peptide (2.7 pg/1 
at 0 min and 15.4 pg/1 at 90 min; normal range 
<1.0 pg/1 at 0 min and < 5 pg/1 at 90 min) with normal 
IGF1 levels. Marginally elevated levels of DHAS 
(8 pmol/1; normal range 1.3-7.4 pmol/1) and testoster
one (3.5 nmol/1; normal range 0.8-3.1 nmol/1) were 
seen in patient B7.1.

Endocrine Investigations
Following an overnight fast, blood was drawn from 

the patients via an indwelling venous cannula, sepa
rated immediately and assayed for glucose, growth 
hormone GH), IGF1, insulin, C peptide, 17a-hydroxy- 
progesterone (17-OHP), dehydroepiandros'terone sul
fate (DHAS), and testosterone. A prolonged glucose 
tolerance test was performed after glucose, 1.4g/kg, 
had been given orally. Blood was collected at 90, 120, 
180, 240, and 300 min for glucose and GH, and at 90 
and 180 min for insulin and C peptide.

GH, IGF21, 17-OHP, DHAS, testosterone (Dr. B. 
Rudd, West Midlands Regional Endocrine Laboratory 
UK), insulin and C peptide (Dr. D. Teale, Suprare
gional Endocrine Assay Service, St. Luke’s Hospital,

Results

Cytogenetic A nalysis
We started with a cytogenetic analysis of 

all 35 BWS patients. Figure 1 shows the 
breakpoints on chromosome 1 lp found in the 
patients with chromosome 11 rearrange
ments. We could confirm the cytogenetic 
findings of the patients with 1 lp duplications 
(patients 1, 2, 3 and 4). The chromosomal 
breakpoints in all patients with balanced

Parental Imprinting in BWS10 Mannens et al.



chromosomal abnormalities mapped to re
gion llpl5.4-pter at the cytogenetic level, 
suggesting clustering of these breakpoints. Pa
tient 5 showed an inv(ll)(pl5.4q22.3). The 
same inversion was found in his mother and 
two other members of this family (fig. 2). A 
t(4;l l)(pl5.2;pl5.4) was found in patient 6 at 
prenatal diagnosis. A t(l I;22)(pl5.5;ql2) was 
found in patient 7, a t(9;ll)(pl 1.2;pl5.5) in 
patient 8, a t(ll;16)(pl5.5;ql2) in patient 9 
and a t(l I;12)(pl5.5;ql3.1) in patient 10. A 
de novo t( 1 ; 11 )(p36.11 ;p 15.5) was found in 
patient 11, a healthy female. All healthy 
mothers were carriers of the balanced rearran
gements consistent with the involvement of 
genomic imprinting in this disorder. The 
presence of extra chromosomal material in 
15(ql 1,2-ql 3) in the BWS twins [50] was con
firmed (data not shown).

Representative partial karyotypes are giv
en in figure 3. Figure 2 shows the pedigree 
with an inv(l 1) and maternal transmission of 
BWS-associated clinical features. Table 1, 
summarizes the parental origin of the chro
mosome 11 abnormalities found in our BWS 
patients.

®—1-0

® [i ll] 1]
j

9
/

Fig. 2. Predigree of the family with inv(ll) 
(pl5.4q22.3) (patient 5). In this family, expression of 
the phenotype was only seen after maternal transmis
sion of the inversion. The carriers of the inversion are 
indicated with half-closed boxes and circles. Only the 
proband indicated with an arrow developed a Wilms’ 
tumor and presented with hemihypertrophy. N = Nor
mal karyotype, ? = obligate carrier.

patient 2 between CALCA/PTH and HBYS1 
at 1 Ipl5.2-pl4.1, for patient 3 between 
CALCA and HBBC, and for patient 4 be
tween HBBC and CALCA/PTH at lip 15.5- 
pl5.1. No microdeletions/duplications were 
found in the patients with balanced chromo
somal abnormalities. Southern analyses on 
the BWS twins with extra 15q material, using 
probes from the relevant 15q region, revealed 
no duplication of any of the probes used.

The relative positions of the cosmids used 
on 1 lp [FLpter; ref. 73] and their band posi
tions are shown in figure 1. The combined 
application of Southern blotting techniques 
using single copy probes and FISH using a 
range of cosmids for lip allowed an accurate 
definition of the chromosomal breakpoints in 
the lip duplication patients (patients 1, 2, 3, 
and 4) and those with balanced chromosomal 
abnormalities (patients 5-11). Patient 1 had a 
breakpoint at lip 14.1 between FSHB (distal 
to D11S781 ) and D11S780; patient 2 a break
point at Ilpl5.1-pl4.3 between C402/A403

DNA Analysis and FISH
To refine the localization and to determine 

whether the breakpoints were clustered at the 
DNA level, FISH and DNA analyses were 
needed.

For this reason we isolated and mapped a 
large series of lip markers. Figure 1 shows 
the FISH results (cosmid localization and 
analyses of chromosomal abnormalities). Ex
amples of DNA analyses are given in figure 4. 
Representative examples of FISH are given in 
figure 5.

After Southern blot hybridization, abnor
malities of chromosome 1 lp were only found 
in the BWS patients with duplications. For 
patient 1, the breakpoint was found to be 
between FSHB and HBYS1 at 1 lpl4.1, for

li
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Fig. 3. Representative karyotypes of chromosomal breakpoints in BWSCR1 and 
BWSCR2. Idiograms and chromosomes involved in the BWS-associated translocations. Par
tial karyotypes of a patient (patient 6, fig. 1) with a t(4;l I)(pl5.2;pl5.4)mat and a patient 
(patient 7, fig. 1) with a t(l I;22)(pl5.5;ql2)mat are shown.

and D11S834; patient 3 a breakpoint at 
Ilpl5.1-pl5.3 between D11S475 and 
D11S777, and patient 4 a breakpoint at 
Ilpl5.3-pl5.4 between e2624 and D11S776. 
The balanced rearrangements had break
points at Ilpl5.3-pl5.4 between e2624 and 
D11S776 (patient 5) and between D11S466 
and cCIl 1-583 (patient 6). The breakpoints of 
patients 4,5, and 6 fall near four evolutionari- 
ly conserved sequences (Dl 1S466, Dl 1S776, 
Dl 1S431, and cCIl 1-440), two of which have 
putative zinc finger protein (ZnFP) sequences 
(Dl 1S776 and Dl 1S466) [71]. The other bal
anced rearrangements are clustered at 
1 lpl5.5 between INS/IGF2 and cCIl 1-289/

395 (patients 7, 8, 9, 10, and 11). FISH analy
sis on the BWS twins demonstrated that no 
contiguous lip material, large enough to ex
plain the duplication, was inserted in 15q, 
and therefore it is unlikely that the BWS phe
notype was caused by a trisomy 1 lp. Cosmids 
tested combined with the centromere-15-spe- 
cific probe were cosIGF2/InsIGF2 (INS/ 
IGF2), COSHG50 (HBBC), L29, L163, 
ZnFP4, ZnFP40, ZnFP57, ZnFP 17, ZnFP 13, 
andL201.

The results demonstrate that the balanced 
rearrangements (and one trisomy case, pa
tient 4) cluster in two regions. One (BWSCR1) 
near INS/IGF2 and one (BWSCR2) proximal
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Fig. 4. Representative Southern analysis of trisomy 
lip cases and méthylation experiments. Molecular 
weights are indicated. A Taql digests of DNA from ref
erence (lanes 1 and 3) and patient 1 (lane 2) hybridized 
to pEJ6.6 (HRAS1). Three different polymorphic al
leles can be seen in the patient, demonstrating the 
duplication. B Hindlll digests of reference DNA (lane 
1) and DNA from patient 1 hybridized to pFSHBl.l 
(FSHB). Neither allele is duplicated compared to the 
reference RFLP. C PstMEcoRX double digests of refer
ence (lane 1) and patient 2 (lane 2) DNA hybridized to 
p20.36 (PTH). The minor allele of patient R645 is

duplicated. D Taql/Hpall double digests of patient 6 
from DNA samples at 3 months (lane 2), 3 years (lane 
3), mother (lane 4) and father (lane 5) hybridized to 
probe pHins311 (IGF2). A representative MspI digest 
is shown in lane 1. Lane 2 shows the abnormal hypo- 
methylation of IGF2, normally not seen in controls. 
E The same Southern blot as in D was hybridized to 
pgHI3.6 (INS) for lanes 1-3. In addition, Taql digests 
of child (lane 4), mother (lane 5) and father (lane 6) 
show the INS RFLPs. Hypomethylation of both alleles 
is seen in lane 2. In lane 3, only the maternal allele on 
the translocation chromosome is hypomethylated.

to HBBC. Two patients with breakpoints 
within this latter cluster developed a tumor 
(patient 4 and 5). The distance between 
BWSCR1 and BWSCR2 is at least 4,000 kb 
(data to be published elsewhere).

From our physical map of this region and 
CHEF analyses of the BWS breakpoints, we 
could deduce that the breakpoints in 
BWSCR1 fall within a 450-kb region. The 
three breakpoints in BWSCR2 are within a

2,000-kb region, breakpoints 4 and 5 being 
closest to each other (data to be published 
elsewhere). This confirms the clustering 
found with FISH analysis. Although the genes 
for IGF2 and HI9 are close to BWSCR1 (at 
an estimated distance of 400 kb), they are not 
disrupted by any of the breakpoints in this 
region (as judged with physical mapping and 
FISH).
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DNA Méthylation Studies
To test whether a balanced rearrangement 

found in a BWS patient could have an effect 
on the degree of méthylation for 1 lp 15 genes 
distal to the translocation breakpoint, we ana
lyzed the HRAS1, INS, IGF2, HBBC genes 
and the D1 IS 12 locus.

Figure 4D, E shows the abnormal méthyl
ation of INS/IGF2 in a BWS patient with a 
balanced translocation involving chromo
some 11. For practical reasons, this was the 
only child demonstrating a translocation for 
whom we could examine DNA isolated from 
direct blood samples (not EBV cell lines). 
Although we were unable to study the expres
sion of INS/IGF2 directly, the fact that the 
child suffered from hypoglycemia makes it 
likely that one or both of these gene products 
were overexpressed. In addition, recent stud
ies on the fragile X and Prader-Willi/Angel- 
man syndromes demonstrated that there was 
a direct correlation between hypomethylation 
and expression of the gene product involved 
or the phenotype of the syndrome [79, 80].

The translocation found in BWS patient 6 
(B10.1) was first identified at amniocentesis. 
The presence of the translocation was con
firmed after birth at the age of 3 months and 
was also found in the mother. Figure 4 shows 
the abnormal méthylation pattern found in 
the child’s blood for the INS/IGF2 alleles at 3 
months and 3 years, compared to the méthyl
ation pattern seen in the parents’ blood. The 
INS gene, located 1.4 kb 5' of IGF2, enabled 
us to identify the parental alleles. At the age of 
3 years, the paternal allele demonstrates the 
normal méthylation pattern and the maternal 
allele on the der(4) remained hypomethy- 
lated. No abnormal méthylation patterns at 3 
months or 3 years of age were seen for other 
markers (HBBC, Dl 1S12 and HRAS1) using 
the same Southern blots.

At the age of 3 years, the méthylation sta
tus of the IGF2 gene in the patient is compa

rable to that of the parents. However, it 
should be noted that we cannot distinguish 
between the two IGF2 alleles with the probe 
used; therefore, it is not possible to identify 
the parental origin of the IGF2 alleles. It 
should also be noted that hypomethylation or 
allele-specific méthylation for INS/IGF2 in 
control DNA from amniotic fluid, fetal tissue, 
neonate or adult blood samples was never 
seen with the INS and 5' IGF2 probes used 
(two samples tested of each control, data not 
shown) confirming the results of Ghazi et al. 
[81]. In contrast, we did find hypomethyla
tion of both alleles in control placenta (two 
samples tested), Wilms’ tumors (3 samples 
tested including a Wilms’ tumor from a BWS 
patient) and 3 EBV cell lines tested. In addi
tion, Schneid et al. [82] recently demonstrated 
allele-specific méthylation for IGF2 in lym
phocytes in the 3' region of the gene.

In order to find more patients informative 
for the INS marker we studied 8 additional 
BWS patients from our series. None of 8 
DNA samples taken from direct blood sam-

Fig. 5. FISH. The probes used give yellow signals 
(FITC) on red counterstained (propidium iodide) 
chromosomes. Examples of FISH analyses using lip 
cosmids and a centromere-11-specific probe pLCl 1A 
hybridized to metaphases from patients with BWS. 
A Patient 6, t(4;ll)(pl5.2;pl5.4)mat. Probes used are 
L29 and pLCl 1A. The signal is proximal to the break
point and remains on the der(l 1). B Patient 6. Probes 
used are two overlapping cosmids for INS/IGF2. The 
hybridization signal is distal to the breakpoint and is 
translocated to the der(4). C Patient 6. Probes used are 
L7 and pLCllA. The L7 signal is proximal to the 
breakpoint. D Patient 1 with a duplication lip due to a 
paternal pericentric inversion followed by a recombi
nation event. Cosmids used are INS/IGF2. The signal 
is on the pter and qter regions of the der(l 1). E Patient 
1. Probe ZnFP17 (D11S781) is not duplicated. F Pa
tient 2 with a duplication lip. INS/I GF2 is duplicated 
(double signals). G Patient 2. Duplication of ZnFP40 
(D11S779).

Parental Imprinting in BWSMannens et al.14
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Imprinting model Beckwith-Wiedemann syndrome
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a = normal situation 

b = mutation 
c = paternal disomy

d = paternally derived duplication 

e = maternally inherited translocation

1 = target locus
2 = control locus 

= active
ss inactive

maternal copies of locus 1 and 2 (as shown) or only two 
paternal copies of either locus, d Paternally derived 
duplication with two active copies of IGF2. e Mater
nally inherited translocation involving lip 15 and 
another chromosome leading to loss of the existing 
maternal imprint and consequently two active IGF2 
alleles (as shown). The translocation chromosomes are 
shown to the left, the normal chromosomes to the 
right. The translocation breakpoint might also fall 
within locus 2 and thus disrupt the suppressor. A 
breakpoint proximal to locus 2 might also have an 
effect on the imprinting status of both loci.

Fig. 6. Imprinting model for the Beckwith-Wiede
mann syndrome involving IGF2 and a suppressor of 
IGF2. a Proposed normal situation with inactivation 
of the maternal IGF2 gene in the target locus. The 
expression of the IGF2 gene (marked +) is controlled 
by locus 2 (BWSCR1/2) that contains a maternally 
expressed suppressor gene (which could also be in
volved in the development of tumors), b Mutations in 
familial BWS in locus 1 or 2 can lead to increased 
expression of the IGF2 gene. Maternal mutations can 
activate locus 1 or inactivate locus 2 or both (as 
shown), c Paternal disomy with two paternal and no

pies of BWS patients was informative for the 
insulin Taql RFLP. All samples were taken 
after 3 years of age and we could find no 
altered TaqUHpaW restriction patterns after 
hybridization with INS/IGF2 probes.

Uniparental disomy in some cases could 
explain why 8 out of 8 BWS patients tested in 
this study were not informative for the INS 
marker.

Discussion

lip 15 Is Imprinted
Several lines of evidence suggest the in

volvement of parental imprinting of chromo
some llpl5 involved in the etiology of BWS 
and associated childhood tumors. A model 
involving opposite imprinted genes can be 
proposed to explain all the available data
(fig. 6).

Parental Imprinting in BWSMannens et al.16



patient both alleles were abnormally hypo- 
methylated immediately after birth but that 
only the maternal allele remained hypomethyl- 
ated after 3 years. The elevated levels of INS/ 
IGF2 found in BWS patients [ref. 9, and refer
ences therein; this study] and associated tu
mors [14], and the hypomethylation of these 
genes, point to an involvement of these genes 
in BWS. This involvement may explain var
ious features of the BWS syndrome such as 
neonatal hypoglycemia, the clinical similari
ties of BWS children to children bom to moth
ers with diabetes, the growth abnormalities, 
and the neoplasia. The finding that between 3 
months and 3 years the paternal alleles of the 
patient tested returned from a hypo- to a nor
mal méthylation status may explain why the 
hypoglycemia and the other clinical symptoms 
of BWS patients are prominent at a very young 
age, but are less distinctive at older ages [7], 

Expression of IGF2 is found in all compo
nents forming the rodent chorioallantoic pla
centa but not in all embryo tissues and almost 
never in adult tissues [41], It is becoming 
more and more evident that méthylation can 
play a role in gene expression. If the observed 
hypomethylation in our patient indeed re
flects increased expression, it would be in 
agreement with the hypomethylation (this 
study, data not shown) and high expression of 
IGF2 found in placenta, tumors and EBV- 
transformed lymphoblastoid cell lines [14, 
41], In tumor cells, the increased IGF2 ex
pression could be involved in cell prolifera
tion.

Our results show that the chromosomal 
abnormalities found in BWS are always ma
ternally inherited in cases with balanced chro
mosomal rearrangements of lip. The break
points found in patients with balanced chro
mosomal abnormalities are within two clus
ters, BWSCR1 and BWSCR2. BWSCR1 is 
near the INS/IGF2 and H19 genes. BWSCR2 
is near putative zinc finger genes and evolu- 
tionarily conserved sequences. We found a de 
novo 1 lp breakpoint in a healthy female (pa
tient 11) that also falls within one of these 
regions. We believe that her children might 
therefore be at risk for the BWS syndrome. In 
addition, paternal transmission of a balanced 
46, XY,t(l I;21)(pl5;q22) in a child did not 
result in the BWS phenotype although two 
brothers with trisomy 1 lpl5 had BWS [Nor- 
denskjöld, pers. commun.].

The duplications are always of paternal 
origin. We refined the smallest duplicated 
region to llpl5.3-pter, the breakpoint being 
within BWSCR2.

Furthermore, the uniparental isodysomies 
are always of paternal origin.

Finally, region lip 15 is associated with 
preferential maternal allelic losses in BWS 
associated childhood tumors [55, 57].

Imprinted Genes: The IGF2 Pathway 
Since méthylation often reflects the active 

or inactive status of a gene [reviewed by 
Sapienza et al., ref. 44], we tested whether the 
translocations found in BWS have an effect 
on the méthylation of genes distal to the 
breakpoints. We studied the méthylation sta
tus of several genes distal to one of the BWS 
breakpoints and found that the INS and IGF2 
alleles on the balanced translocation chro
mosome t(4;ll)(pl5.2;pl5.4)mat were hypo- 
methylated compared to control samples 
from father, mother and various adults, neo
nates, or fetal tissue. Using RFLPs for the 
insulin gene we could demonstrate that in the

The human chromosome lip 15 region is 
known to be involved in genomic imprinting 
and is homologous to an imprinted region of 
mouse chromosome 7 [83], Moore and Haig 
[84] proposed a model in which the paternally 
expressed IGF2 is able to bind to the IGF1 
receptor (as are insulin and IGF1) leading to 
cell proliferation. IGF2 levels are controlled 
by the maternally expressed IGF2 receptor
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alleles for IGF2 are present at some stage of 
development through the mechanisms de
scribed in figure 6. In addition, at least one 
lip suppressor of IGF2 is involved in the eti
ology of BWS.

The increased expression of IGF2 and in
sulin found in BWS and/or associated tumors 
is in agreement with our model. In addition, 
the experiments of DeChiara et al. [40, 41] 
demonstrate that an inactivating mutation of 
IGF2 leads to small mice after paternal inher
itance of the mutated IGF2 allele. If it does 
not lead to lethality, it can be assumed that 
overproduction of IGF2 leads to increased 
growth. Indeed, the experiments of Ferguson- 
Smith et al. [86] demonstrate that the incor
poration of cells with a paternal duplication of 
the mouse chromosomal region containing 
the IGF2 gene into chimeras, resulted in a 
striking growth enhancement of the embryos. 
As discussed, mutation of the maternal IGF2r 
leads to bigger mice at birth.

(IGF2r, homologous to the cation-indepen- 
dent mannose 6 phosphate receptor, CI- 
MPR). Binding of IGF2 to this receptor leads 
to the degradation of IGF2. This model also 
predicts that decreased levels of IGF2r (two 
paternal copies or inactivation of the mater
nal allele) would also promote cell prolife
ration. At present, no data are available that 
this receptor, localized to human chromo
some region 6q25-q27, is involved in BWS 
and tumorigenesis. Nonetheless, the paternal
ly derived allele at the murine T-associated 
maternal effect locus (Tme) is inactivated by 
genomic imprinting. Tme and IGF2r are 
closely linked (< 1,000 kb) [42, 85]. Forejt and 
Gregorova [85] demonstrated that viable hy
brid mice with a maternally derived mutation 
at the Tme locus have no active IGF2r gene. 
These newborn mice were indeed bigger at 
birth than their IGF2r-positive sibs.

The IGF1 receptor is localized to 15q25- 
qter. As discussed, the two children of mono- 
zygous twins that both had BWS, have a 
duplication of or an insertion in region 15q 11- 
ql3 of maternal origin. In these twins, the 
duplication/insertion might have altered the 
existing imprint on 15q and subsequently in
creased the expression of the more distal 
IGF1 receptor. It is now known that the IGF1 
receptor is imprinted [44] and the duplica
tion/insertion occurred in an imprinted re
gion of 15q associated with the Prader-Willi/ 
Angelman syndromes [83], It is possible that 
increased expression of this receptor leads to 
cell proliferation. This is underlined by the 
finding that antibodies to the IGF1 receptors 
have been found to inhibit growth of certain 
tumour cell lines [14],

From the model of Moore and Haig [84], it 
follows that both maternal and paternal ge
nomes are necessary to maintain the balance 
between IGF2 and its receptors. We propose 
that in BWS patients and associated tumors 
this balance is disturbed because two active

A Model to Explain the Observed Parental
Effects
In this study we have described the finding 

of two BWS breakpoint clusters in 1 lpl 5, one 
at 1 lpl5.5 near the INS/IGF2 genes and one 
more proximal at 1 lpl 5.3-pl5.4. Because the 
metylation experiments described in this 
study show that hypomethylation in BWS oc
curs only at the INS/IGF2 genes and not at 
loci between the observed BWS translocation 
breakpoint and INS/IGF2 or distal to these 
genes, it is likely that the hypomethylation, 
and therefore possibly the imprint, in the 
most distal region is not a result of a general 
spreading of inactivation from a far more 
proximal region. It is known that imprinting 
does not necessarily involve large blocks of 
genes. Adjacent genes are not always im
printed, and those that are may show opposite 
parental imprinting. Although there is no evi
dence for imprinting of the human insulin

Parental Imprinting in BWSMannens et al.18



gene, Kitsberg et al. [87] have demonstrated 
that IGF2, Hl9 and INS are localized to the 
same differentially replicating regions. The al
tered méthylation pattern described in fig
ure 4 might reflect changes in this allele-spe
cific replication. Our investigations show that 
there are two breakpoint clusters on lip 15 
involved in the etiology of BWS. It is there
fore possible that multiple genes are in
volved.

We propose that there are at least two loci 
on lip 15 that show opposite parental im
printing. The distal locus contains the IGF2 
gene that is only paternally expressed, the 
proximal locus one or more suppressor genes 
of IGF2 that is/are only maternally expressed. 
This model would explain not only the paren
tal effects seen in BWS but also the preferen
tial maternal loss of alleles seen in Wilms’ 
tumor and rhabdomyosarcoma, including the 
hemizygous loss of maternal 1 lpl5 alleles 
seen in a Wilms’ tumor from a BWS patient 
[55]. The model is also in agreement with the 
tumour suppression seen after introduction of 
lip 15 into a Wilms’ tumor cell line [88] and 
the chromosomal breakpoints we found in the 
proximal region in both BWS patients with 
tumors. These breakpoints might have led to 
inactivation of a suppressor gene or to an 
altered gene product with a negative domi
nant effect, even if the gene should have been 
silenced by imprinting (as might be the case in 
patient 4).

Indeed, a locus on llpl5.4-pter has been 
found to be consistently involved in many 
human tumors including the BWS-associated 
tumors i.e. Wilms’ tumor, rhabdomyosarco
ma, hepatoblastoma, adrenocortical carcino
ma, but also breast, bladder and pancreatic 
cancers, testicular tumors and germline neo
plasms [60]. This locus has been designated 
the multiple-tumor-associated chromosome 
region 1 (MTACR1). The smallest regions of 
overlap for allelic losses found in BWS-associ

ated tumors coincide with both the BWSCR1 
and BWSCR2 regions [89],

Whether a gene in these loci would sup
press only in the cis and/or trans position, is 
actually involved in imprinting of other loci, 
or whether there is a gene dosage effect, is not 
clear at the moment.

From our model it follows that not only 
translocations disrupting BWSCR2, but also 
uniparental paternal disomies, resulting in no 
active suppressor allele, would increase the 
tumor risk. Henry et al. [34] demonstrated that 
indeed the tumor risk in these cases is not 7.5 
but 50%. The authors also demonstrated that 
somatic mosaicism regarding the uniparental 
disomies can be found in BWS patients. This 
might explain the hemihypertrophy often seen 
in this disorder and proves that these latter 
uniparental disomies occur after fertilization.

Tumor Suppressor Candidate Sequences
There are several tumor suppressor candi

date sequences mapped to 1 lpl5.3-pter. We 
have localized the D11S776 sequence with 
multiple zinc-binding-finger motifs [P. Little, 
unpubl. results] to BWSCR2 (fig. 1). The pu
tative DNA-binding properties of this se
quence and its location close to the BWS 
breakpoints make this sequence a tumor sup
pressor gene candidate. However, it has yet to 
be determined whether this gene is imprinted. 
The same holds for Dl 1S431, Dl 1S466, and 
cCI 11-440. WEE1, the human homologue of 
the weel yeast gene (a mitotic inhibitor), ST5 
(a suppressor of tumorigenicity in HeLa cells) 
and rhombotin, a gene cloned from a leuke
mia translocation breakpoint, have also been 
mapped to BWSCR2 [Redeker, submitted].

The human homologue of the mouse HI9 
gene was recently found to be imprinted with 
maternal expression only and it is closely 
linked to IGF2 [45, 46], Maternal disomy of 
this gene causes late prenatal lethality. How
ever, this sequence was shown to map distal to
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growth-promoting activity, if any, in the iden
tified loci, and to analyze the contribution of 
genomic imprinting to the etiology of BWS 
and associated tumors.

D11S12 near INS/IGF2 [90]. We demon
strated with pulsed-field electrophoresis that 
H19 is very close but distal to IGF2 and still a 
long way from both BWS clusters [Redeker et 
al., in preparation]. The breakpoints in 
BWSCR1 do not disrupt the HI9 or IGF2 
genes. Nonetheless, these breakpoints are at 
an estimated distance of 400 kb and might 
have a position effect on the expression, or 
alter the imprint, of these genes. So far no oth
er candidate suppressor sequences have been 
mapped to BWSCR1.

Finally, the WT1 gene localized to lip 13 
can also act as an IGF2 suppressor as suggest
ed earlier [55, 91].

At present, we have been able to identify 
most of the BWS breakpoints at the pulsed- 
field-electrophoresis level. BWSCR1 falls 
within a 450-kb fragment. This cluster is at 
most 400 kb separated from IGF2 (analyzed 
with interphase FISH and pulsed-field elec
trophoresis). The second cluster, BWSCR2, 
falls within an estimated region of2,000 kb, at 
least 4,000 kb proximal to BWSCR1. We 
have cloned two breakpoints in BWSCR1 and 
one in BWSCR2, and have currently covered 
most breakpoints with cosmid contigs and 
YACS (to be published elsewhere).

Characterization of these breakpoints and 
analysis of mutations in these loci will enable 
us to study tumor suppressor or any other
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