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OUTLINE OF THE THESIS 

In this thesis a detailed description is given of the genetics of certain 
solid tumors occurring in early childhood. These tumors share a common 
genetic pathway on chromosome 11 since they are all associated with the 
Beckwith-Wiedemann syndrome (BWS), a syndrome which has been linked to 
chromosome llpl5. Chapter 1 gives an overview of the available data on the 
(epi)genetics of the most common BWS associated tumors. These tumors are 
Wilms tumor (WT), adrenocortical carcinoma (ACC), rhabdomyosarcoma 
(RMS) and hepatoblastoma (HB). It was found that these tumor-types share 
several common (epi)genetic aberrations. They all show abnormalities of 
chromosome l ip 15 and mutations of the p53 gene. In addition, common 
duplicated chromosome regions and abnormalities of chromosome lp were 
found in three out of four tumor-types. Chapter 2 deals with the aberrant 
imprinting and expression phenomena of the Insulin-like growth factor 2 gene 
(IGF2) and the HI 9 gene in WT. It describes hypermethylation of the promoter 
region of HI9 and decreased expression of the gene in WTs with loss of 
imprinting (LOI) of IGF2. Chapter 3 gives the results of the analysis of a large 
series of WTs using the comparative genomic hybridization technique (CGH). 
CGH enabled us to make a complete inventory of chromosome regions 
involved in gains or losses in WT. Besides gains and losses we and others 
previously found with molecular and cytogenetic studies, loss of chromosome 
4q was identified as a new event. In addition, this chapter also describes the 
involvement of chromosome lp in WT: the shortest region of overlap (SRO) of 
loss of heterozygosity (LOH) using markers on lp was determined for six WTs 
and one metastasis of a WT. Next, chapter 4 describes the analysis of a series of 
HBs using the same CGH technique. This resulted in the identification of 
additional common genetic aberrations found in HB, WT and RMS. These 
aberrations affected chromosome regions 7q, 8q and 17q. Finally, in chapter 5, 
a detailed description is given of the region on chromosome lp affected by two 
novel translocation breakpoints in a WT and a RMS. We showed that these 
breakpoints are separated by at least 875 kb and do not disrupt known genes. 
These data provide encouraging information in the process of defining the 
gene(s) on lp involved in the etiology of these childhood tumors. 
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The Beckwith-Wiedemann syndrome 
The Beckwith-Wiedemann syndrome (BWS) is a disorder first described 

by Bruce Beckwith [1] in 1963. He presented the phenotype at the eleventh 
annual meeting of the Western Society for Pediatric Research. Later the 
syndrome was described in more detail in the literature by Wiedemann et al. [2] 
and Beckwith [3]. It is characterized by several features amongst which are 
abdominal wall defects, macroglossia, pre- and postnatal gigantism, earlobe pits 
or creases, facial nevus flammeus, hypoglycemia, renal abnormalities and 
hemihypertrophy [4,5]. The syndrome occurs with an estimated incidence of 
1:13,700 [6]. BWS patients have a risk of 7.5% for the development of (mostly 
intra-abdominal) childhood tumors [7]. Tumors most frequently found in these 
patients are Wilms tumor (WT), adrenocortical carcinoma (ACC), 
rhabdomyosarcoma (RMS) and hepatoblastoma (HB). The fact that this specific 
subset of tumors is found with an increased frequency in BWS patients suggests 
that the etiology of these tumors follows a common genetic pathway, involving 
factors that play a role in the development of BWS. Furthermore, there are 
indications that additional common genetic pathways exist, encompassing 
chromosome regions not affected in BWS patients. Clues for the existence of 
several common genetic pathways in the etiology of BWS associated tumors are 
reviewed in this paper. 

The genetics of the Beckwith-Wiedemann syndrome 
Although most cases are sporadic (85%) [4], families in which more than 

one sibling is affected have been noted. Linkage analysis has shown that the 
disease cosegregates with chromosome l i p 15 [8,9]. Additional data which 
indicate that this chromosome region may play a causative rol in BWS came 
from studies of chromosome abnormalities involving the short arm of 
chromosome 11. Balanced translocations have been found in cells of nine BWS 
patients [10,11]. The translocation breakpoints on chromosome 11 map to three 
distinct regions within llpl5.3-pter [12]: Beckwith-Wiedemann syndrome 
chromosome region 1 (BWSCR1) near INS/IGF2, BWSCR2 5 Mb proximal to 
BWSCR1 and BWSCR3 2 Mb more proximal (fig. 1). 

BWSCR1 consists of 5 translocation breakpoints. All these breakpoints 
disrupt the KVLQT1 gene [13]. This gene encodes a voltage gated potassium 
channel [14] which plays a role in cardiac arrhythmias such as long-QT-1 
(LQT1) or the Romano-Ward syndrome [15] and the Jervell-Lange-Nielsen 
syndrome [16]. It is not known whether BWS patients are affected by cardiac 
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Figure 1 : Schematic 

representation of the 

region on chromosome 11 

involved in BWS and 

associated childhood 

tumors. Indicated by black 

boxes are several genes 

identified in this region. 

Translocation breakpoints 

are shown as horizontal 

arrows. Regions affected 

by LOH are indicated by 

gray boxes. The LOH 

region shown at the top of 

the figure is the region 

found to have become 

homozygous in many 

BWS associated tumors. 

The LOH region shown at 

the bottom is affected in 

1% of WTs [173]. The 

white boxes shown on the 

right side of the figure 

represent tumor suppressor regions (TSR) as has been shown by functional studies of a RMS 

cell line [174,175] and a WT cell line [176]. 

arrhythmias and therefore it is not clear how the KVLQT1 gene can be involved 
in the disease. A second interesting gene in the BWSCR1 region is CDKNIC or 
p57KIP2, proximal to KVLQT1. It is an inhibitor of cyclin-dependent kinases and 
is located at l ip 15.5 [17]. Heterozygous mutations have been identified in 
-20% of BWS patients in two studies [18,19]. Others have not been able to 
confirm this mutation frequency [20,21] (J. Bliek, personal communication). 
Taken together, these studies showed that p57KIP2 mutation is not a major cause 
of BWS. A study of mice lacking expression of p57KIP2 did reveal some of the 
BWS phenotypic features like the presence of omphalocele and renal and 
adrenal cortex anomalies [22]. These mice were lacking some of the other 
features found in the BWS patients with p57KIP2 mutations like macroglossia 
and gigantism. The authors suggested that this might be related to the fact that 
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the imprinting of p57KIP2 differs between mice and men. The human p57KIP2 

gene shows 5% residual expression from the paternal allele, whereas in the 
mouse the imprinting is complete [23]. A gene located just distal to KVLQT1 is 
HASH2. This gene is expressed only in the extravillus trophoblasts [24]. The 
mouse homologue (Mash2) codes for a transcription factor which is expressed 
during early mouse development and is essential for the development of the 
placenta [25]. There have been no reports of an involvement of HASH2 in the 
etiology of BWS. A strong candidate for involvement in the etiology of BWS is 
the insulin-like growth factor 2 gene (IGF2), also located in the BWSCR1 
region. Using mouse models it was shown that the birth weight is dependent on 
the level of expression of Igf2 [26,27]. Since overgrowth or gigantism is one of 
the main features seen in BWS patients, IGF2 is very likely to be involved. 
Another study showed that mutant mice overexpressing Igf2 displayed a 
phenotype overlapping with the BWS phenotype [28]. An argument that this 
gene is not always involved comes from a study which showed that a familial 
form of BWS was not linked to IGF2 [29]. Downstream from IGF2 lies the HI 9 
gene. This gene does not code for a protein and may function through its RNA 
[30]. The expression of IGF2 and H19 appears to be linked and the relevance of 
HI9 to the BWS phenotype will be discussed in the next section. 

The second BWS chromosome region (BWSCR2) is defined by two 
patients with translocation breakpoints in chromosome band l ip 15.4. These 
patients have only a minor BWS phenotype, both with hemihypertrophy. One of 
these patients developed a Wilms tumor. Two genes were identified in this 
region: ZNF214 and ZNF215 [31] (M. Alders, personal communication). 
Mutation analysis of these genes in BWS patients identified a putative mutation 
in the ZNF214 gene, found in a considerable higher proportion of the patients 
vs. the normal population (6/44 vs. 2/205). Analysis of the ZNF215 gene 
resulted in the identification of a putative mutation in 1 BWS patient (and the 
unaffected mother of the patient). This mutation was not found in the control 
population. In addition two of the five alternatively spliced transcripts of 
ZNF125 are disrupted by the two translocations defining BWSCR2 (M. Alders, 
personal communication). 

Finally, the third region BWSCR3 is characterized by one translocation 
breakpoint. So far, no candidate genes have been identified. 

Besides chromosomal translocation there is another cytogenetic 
abnormality associated with BWS. Some patients were shown to have a 
duplication of chromosome llp(ref[32](and references therein)). However, 
most patients appear to be cytogenetically normal. On the molecular level there 
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is a genetic aberration which is found in a substantial portion of the patients: 
Paternal uniparental disomy (UPD) of 1 lp markers [33-36]. This is found in 
-16-28% of the cases. 

The epigenetics of the Beckwith-Wiedemann syndrome 
The pattern of inheritance of the Beckwith-Wiedemann syndrome reveals 

clear parent-of-origin effects. First, maternal transmission has been observed in 
pedigrees. In addition, in cases in which balanced translocations have been 
found (involving chromosome l ip) the der(ll) was always of maternal origin 
[10]. Furthermore, as mentioned above, paternal UPD is found in a substantial 
portion of the patients. Likewise, the duplications of 1 lp material are always of 
paternal origin [32](and references therein). These data all indicate a role for 
genomic imprinting in the etiology of BWS. 

The discovery of imprinted genes on l lpl5.5 in the BWSCR1 region 
further substantiated the hypothesis that BWS may be caused by imprinting 
errors. The first gene in this region found to be imprinted was IGF2 [37]. The 
fact that this gene encodes a growth factor and is maternally imprinted makes it 
a good candidate for the BWS gene. In the paternal UPD and duplication cases 
a double dose of IGF2 may be present, explaining the overgrowth features and 
the development of tumors. In the (maternal) translocation cases and the cases 
in which no genetic abnormality has been found there may be an error in the 
imprinting of the maternal IGF2 allele, resulting in two active copies of the 
gene. This is underlined by the biallelic expression of IGF2 found in the 
majority of BWS-patients without paternal UPD [38]. Another imprinted gene 
just distal to IGF2 is H19. In contrast to IGF2, HI9 is only expressed from the 
maternal allele [39-41]. H19 is important for the maintenance of the imprinting 
status of IGF2. Deletion of the maternal murine HI9 gene and 10 kb of 
upstream sequence resulted in relaxation of Igf2 imprinting [27]. Mice 
inheriting this deletion from their mother had a 27% increased body weight 
compared to those inheriting it from their father. In addition, deletion of 
enhancers which are located 3' of HI9 and are used by both Igf2 and HI9 
resulted in loss of Igf2 expression when inherited paternally [42]. This loss of 
expression of Igf2 was reflected in the size of the animals; they were 80% of 
normal size. Hypermethylation of the HI9 promoter region has been observed 
in non-UPD BWS patients [43] and has been shown to correlate with expression 
of the maternal IGF2 allele in BWS [44]. This phenomenon has also been 
observed in three patients with somatic overgrowth without diagnostic features 
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of BWS [45]. Two of these patients developed a Wilms tumor. Two additional 
paternally imprinted genes in the region are p57KIP2 [46,47] and HASH2 [24]. So 
far there have been no reports on the detection of epigenetic aberrations of these 
genes in BWS patients. Paternal imprinting of the HASH2 gene might be the 
reason for the fact that paternal UPD of chromosome 11 is found as a 
mosaicism [24,34], since it has been shown in mice that deficiency of the 
mouse homologue Mash2 leads to non-viable mice [25]. Other paternally 
imprinted genes on human chromosome 11 are IPL [48] and KVLQT1 [13,49]. 

Both genes identified in the BWSCR2 region, ZNF214 and ZNF215, are 
paternally imprinted (M. Alders, personal communication). Thus far there have 
been no reports on aberrant imprinting of these genes in association with BWS. 

BWS associated tumors: Wilms tumor 
The genetics of Wilms tumors 

The tumor most often found to be associated with BWS is Wilms tumor 
or nephroblastoma (59% of the tumors found in BWS patients [7]). Overall it 
occurs with a frequency of 1 in 10,000 children, mostly in children under the 
age of 5 years [50]. In patients suffering from BWS the incidence is 800-1000x 
increased [51]. 

The genetics of Wilms tumors have been extensively studied. A high 
percentage (38% [52]) show loss of heterozygosity (LOH) of chromosome lip. 
This region can be subdivided roughly into two parts: LOH of markers on 
1 lpl3 [53] and LOH of markers on 1 lpl5 [54,55] (and references therein) [56]. 
The region on 1 lpl3 has been shown to be deleted in patients affected by the 
WAGR syndrome [57]. WAGR stands for the combined occurrence of sporadic 
aniridia, WT, genitourinary abnormalities and mental retardation. A gene in the 
candidate region (WT1) has been cloned [58,59]. Mutations of this gene occur 
in only 10-15% of sporadic Wilms tumors [60-64], suggesting the existence of 
additional genes involved in Wilms tumorigenesis. The Denys-Drash syndrome, 
another syndrome associated with Wilms tumor [65,66], shows constitutional 
mutations of the WT1 gene (reviewed in ref[67]). The region on 1 lpl5 showing 
LOH in WTs can be subdivided into two regions: An 800 kb region containing 
the WT2 locus and an additional locus of 336 kb, proximal to WT2 [68]. WT 
can also be found in association with other syndromes, like the trisomy 18 
syndrome [69-71], the Perlman syndrome and the Simpson-Golabi-Behmel 
syndrome (reviewed in ref[72]),the Sotos syndrome [73], and the Klippel-
Trenaunay syndrome. The Li-Fraumeni syndrome is a rare familial tumor 
syndrome [74]. Patients suffering from this disease have been shown to contain 
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germline point mutations in the p53 tumor suppressor gene [75,76]. The tumors 
that develop in these patients show a deletion of the wild type p53 allele [77]. 
Although WT is not considered to be part of the Li-Fraumeni syndrome [78] 
there have been few reports of the occurrence of WT in families affected by this 
disease [79]. Mutations in the tumor suppressor gene p53 have been found in 
sporadic WTs and seem to be associated with a histological subtype. In a series 
of 140 WTs, mutations were restricted to tumors of the anaplastic subtype, 
showing aberrations in 8/11 samples [80]. This subtype is linked to a poor 
prognosis. 

In 10 to 25% of the Wilms tumors LOH of 16q markers is found [52,81-
84]. It has been suggested that LOH of 16q is associated with an adverse 
prognosis [83,85]. This does not seem to be the case for the presence of the 
der(16)t(l;16)(q21;ql3) [85]. Another genetic abnormality which seems to 
confer an adverse outcome is LOH of lp [52,83]. This abnormality was found 
in 12% and 18% of the cases respectively. Chromosome 7 also seems to be 
involved in Wilms tumor. According to the literature in 23% of the cases 
chromosome 7 is rearranged [84]. Several reports have noted the presence of an 
isochromosome 7q as the sole genetic abnormality [86-90]. There have also 
been descriptions of WT patients with constitutional balanced translocations 
involving chromosome 7(p) [91-94]. In these cases the normal chromosome 7 is 
often lost in the tumor by formation of an isochromosome 7q. LOH studies 
revealed a region on the proximal part of the short arm of chromosome 7 that is 
lost in -10% of the tumors [95,96]. Another region found to be frequently 
involved in LOH (14%) is on chromosome 22q [97]. In a study which 
quantified chromosome 12 allelic imbalance in a series of 28 Wilms tumors, 
duplications were detected in 18% [84]. 

An inventory of all quantitative chromosome aberrations occurring in a 
series of 46 WTs was made using comparative genomic hybridization analysis 
(CGH) [52]. Chromosome regions showing loss of DNA in 3 or more samples 
included lp (11%), l ip (9%), 16q (13%) and 17p (7%). Regions showing gain 
of DNA in 3 or more samples included lq (20%), 7q (9%), 8 (7%), 12q (17%), 
17q (7%) and 18 (7%). 

The epigenetics of Wilms tumors 
Since BWS reveals to be an imprinting-disorder, it is expected that 

abnormal imprinting is involved in the development of the associated tumors. 
Indeed there are clues pointing in that direction from molecular studies looking 
at loss of heterozygosity (LOH) of chromosome 11 in Wilms tumors. It was 
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noted that the alleles that were retained in the tumors were always of paternal 
origin [54,98-100]. This resulted in the hypothesis that a paternally imprinted 
tumor suppressor gene is involved in Wilms tumorigenesis. Alternatively, a 
maternally imprinted gene involved in stimulation of cell growth could be 
involved in the cases showing paternal UPD of (part of) chromosome 11. At 
present there are three candidate genes on lip 15 that show parent-of-origin-
dependent monoallelic expression and belong to one of these two categories: 
The tumor suppressor genes H19 and p57KIP2 which are maternally expressed 
[39-41,46], and the paternally expressed growth-promoting gene IGF2 
[37,39,101]. In two independent studies it was shown that in ~70% of Wilms 
tumors that retain heterozygosity of markers on lip 15 the IGF2 gene is no 
longer imprinted [39,101]. Instead, the gene is expressed from both alleles. In 
29% of the tumors without LOH of l ip 15 the HI9 gene was found to be 
biallelically expressed and one tumor was shown to have lost the imprint of 
both genes [39]. Interestingly when looking at the expression levels of both 
genes it became evident that the loss of imprinting (LOI) of IGF2 was 
associated with an abrogation of H19 expression [35,102]. This finding 
correlates well with the supposed tumor-suppressive function of H19. Since the 
majority of BWS patients show constitutive relaxation of IGF2-imprinting 
[38,103] but not all of them develop tumors, relaxation of imprinting by itself 
can not be sufficient to initiate tumorigenesis. Furthermore, hypermethylation 
of the HI9 promoter-region, which was found to be associated with LOI of 
IGF2 [35,102], was also found in the normal kidney tissue of two WT patients 
[102]. The second paternally imprinted tumor suppressor gene - p57KIP2 - also 
shows reduced expression in Wts [46,47]. This occurred in concert with 
inactivation of H19 in 8/8 tumors with LOH of llpl5.5 and in 5/7 tumors with 
retention of heterozygosity but hypermethylation of HI 9 [47]. 

BWS associated tumors: adrenocortical carcinoma 
The genetics of adrenocortical carcinomas 

The second most common tumor found in BWS-patients is adrenocortical 
carcinoma (ACC). It is found in 15% of patients that develop a tumor [7]. In the 
general population ACC is found to be an extremely rare tumor with an 
incidence of 1.7 new cases per 1,000,000 per year [104]. ACC occurs both in 
adults and children. However, a considerable number of the publications about 
ACC do not reveal the age of the patients they describe. Therefore, in this 
section, we will not make a distinction between the genetic data available for 
ACC in either age group. 
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As in BWS, IGF2 seems to be involved in sporadic ACC-tumorigenesis. 
A considerable proportion of the malignant tumors (-60%) display LOH of the 
llpl5.5 region [105,106], presumably all representing uniparental disomies 
[106]. This is seen in both adult and childhood ACCs. In these cases a good 
correlation was found with overexpression of the IGF2 gene. These phenomena 
were found in a much smaller percentage in the benign adenomas. It has been 
hypothesized that adrenocortical tumorigenesis is a multistep process with 
sequential progression from the normal to the adenomatous and then to the 
malignant cell [107]. If this is the case then IGF2 could be involved in the 
transition from adenoma to carcinoma [108]. 

ACC is also found in association with other syndromes [108]. One of 
these is the Li-Fraumeni syndrome, which is associated with mutations of the 
p53 gene on chromosome 17p. In a study by Yano et al [105], in which sporadic 
ACCs were analyzed for the presence of LOH at three different chromosome 
regions, indeed chromosome 17p (containing the p53 gene) had become 
homozygous in all informative samples. LOH of 17p was not found in 
adrenocortical adenoma, the benign counterpart of ACC. Again, if the 
hypothesis is correct that adrenocortical tumors develop from normal tissue to 
adenomas to carcinomas, this would mean that LOH of 17p could be a late 
event in ACC tumorigenesis. Two other groups identified mutations in the p53 
gene in -30% of sporadic ACCs [109,110]. In addition, CGH analysis showed 
loss of 17p in 50% of the (sporadic) cases [111]. Another hereditary tumor 
syndrome associated with adrenocortical tumors is multiple endocrine neoplasia 
type 1 (MEN1) (reviewed in ref[112]). In most cases associated with MEN1 
adrenocortical adenomas are found. The disease is caused by mutation of the 
menin tumor suppressor gene (MEN1), located at 1 lql3 [113]. CGH analysis of 
sporadic ACC indeed showed loss of 1 lq in 50% of the cases [111]. 

Other regions found to be lost in ACCs include chromosome 13q, which 
was shown to have lost heterozygosity in 50% of informative patients [105], 
and chromosome 2, as detected by CGH in 50% of the patients [111]. The CGH 
study showed gains of chromosomes 4q, 5p and 5q in 50% of the ACCs. 
Genetic aberrations that were found in 38% of the tumors in this study were 
gains of chromosomes 12, 15q, 16q and 19p and losses of chromosomes 3p, 6q, 
8p, 9p, 1 lp, 17q, 18q and 22q. In both the LOH and the CGH studies the (small) 
benign adenomas did not show the genetic changes detected in the carcinomas. 
Taken together, these data clearly demonstrate that there are numerous 
differences between the genetic aberrations found in adrenocortical adenomas 
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and adrenocortical carcinomas. These differences may reflect various stages 
along the carcinogenic pathway. 

BWS associated tumors: rhabdomyosarcoma 
The genetics of rhabdomyosarcomas 

Although rare, rhabdomyosarcoma (RMS) represents the most common 
soft-tissue sarcoma in children under the age of 15 years [114]. It occurs with a 
frequency of 1.3-4.5 cases per million children per year [115]. Based on their 
histology rhabdomyosarcomas can be subdivided into three major subtypes 
[116]: embryonal (E-RMS), alveolar (A-RMS) and pleomorphic (P-RMS) 
rhabdomyosarcoma, of which E-RMS is the subtype associated with BWS. Of 
all newly diagnosed cases 60% are E-RMS and 20% are A-RMS [117]. Patients 
with E-RMS have a better prognosis than patients with A-RMS. 

LOH of chromosome 1 lp is an abnormality found frequently in RMS 
[118,119]. In one study it was found in 72% of primary E-RMS and 20% of 
primary A-RMS [119]. A gene located in this region, GOK (gene on 
chromosome 11) or STIM1 (stromal interaction molecule 1), was postulated to 
be a candidate tumor suppressor gene in RMS [120]. No expression was found 
in 7 RMS cell lines and transfection of the gene into the RMS cell line RD was 
followed by growth arrest of the cells. LOH of 16q was also found in both types 
(in 55% of E-RMS and 40% of A-RMS) [119]. In total, LOH of 6p was found 
in 28% and LOH of 18p in 32% of the cases. 

Studies of A-RMS have shown that they often (-90%) contain a specific 
translocation. In most of these cases (68% [121]) a t(2;13)(q35;ql4) is found 
[122]. In a smaller subset of A-RMS (14% [121]) a variant translocation has 
been detected: t(l;13)(p36;ql4) [123,124]. Both these translocations cause the 
formation of a chimeric protein. In the case of the t(2;13) a PAX3-FKHR fusion 
product is expressed [125-127] and in tumors with the t(l;13) a PAX7-FKHR 
product is detected [128]. PAX3 and PAX7 are both transcription factors 
involved in embryonal myogenesis. In the chimeric proteins the DNA binding 
domains of the PAX genes are retained and fused to the C-terminal region of 
the FKHR gene containing a strong transactivation domain. It has therefore 
been proposed that both fusion proteins function as transcription factors which 
aberrantly regulate transcription of genes controlled by PAX3 or PAX7 binding 
sites [128]. The PAX3-FKHR fusion protein has been shown to be a strong 
transcriptional activator [129]. In addition both PAX3-FKHR and PAX7-FKHR 
are overexpressed in A-RMS either by increased transcription (PAX3-FKHR) 
or by gene amplification (PAX7-FKHR) [130,131]. Although the presence of 
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either translocation is considered to be a characteristic of A-RMS, some cases 
with the t(l;13) show mixed histology of both the embryonal and the alveolar 
type [123,124] and a case of E-RMS containing the t(2;13) has been described 
[132]. In addition the age at diagnosis in patients with the t(l;13) is more 
consistent with E-RMS. 

Cytogenetic analysis of RMS showed a high incidence of trisomy 2 [133] 
(in 9/9 E-RMS samples) and a high incidence of structural rearrangements of 
chromosomes 1 and 3 (both in 4/5 RMS samples) [134]. The alterations on 
chromosome 3 seem to cluster within 3p 14-21. The presence of a 
der(16)t(l;16)(q21;ql3) is also noted in both RMS types and has been 
categorized as a secondary structural abnormality [132]. 

RMS was one of the first tumors found to be associated with the Li-
Fraumeni syndrome [135]. Analysis of the frequency of p53 mutations in 
sporadic RMS showed an incidence of 4/6 E-RMS and 1/4 A-RMS [136]. 
Obviously these series are too small too draw any conclusion regarding a 
difference between E-RMS and A-RMS. 

DNA amplifications have been identified for regions on chromosome 2p 
[137] and 12q [138]. Both A-RMS and E-RMS have been studied by CGH 
[139]. The results showed clear differences between the two RMS subtypes. 
Aberrations found in E-RMS concerned gains and losses of whole 
chromosomes or large parts of chromosomes: Gains were most frequently found 
for chromosomes 2, 8, 12, 13 (in 6/10 cases), chromosome 7 (in 5/10 cases), 
and chromosomes 17, 18 and 19 (in 4/10 cases). Losses were identified most 
often for chromosome 16 (in 4/10 cases), chromosome 10 (in 3/10 cases) and 
chromosomes 14 and 15 (in 2/10 cases). One tumor showed an amplification of 
12ql3-ql5. In the A-RMS samples whole (or part of) chromosome gains and 
losses were found to a much smaller extent. In 10 tumors and 4 cell lines gain 
of chromosome 17q was found in 4 cases. However, in a high percentage 
amplifications were present. Chromosome regions most often involved were 
12ql3-ql5 (in 7 cases) and 2p25 (in 5 cases). The latter region contains the N-
MYC gene which is known to be amplified in A-RMS [137,140]. The regions 
containing the PAX7 and FKHR genes on lp36 and 13ql4 were found to be 
amplified in 2 cases. 

The epigenetics of rhabdomyosarcomas 
As was found for Wilms tumor, abnormal genomic imprinting of 

chromosome region 1 lpl5 appears to play a role in the development of RMS. 
When analyzing the parental origin of markers on chromosome 11 retained in 
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E-RMS showing LOH of that region, it became evident that these were always 
of paternal origin [141]. This is identical to the situation found in WTs. Later 
studies looking directly at the imprinting status of the IGF2 gene showed LOI 
of this gene in both E-RMS and A-RMS in a high percentage of the cases (6/7 
[142] and 5/7 [143]). The latter study also found increased expression of IGF2 
in tumors with monoallelic expression of the gene hereby confirming the 
important role postulated for IGF2 in the development of this tumor [144-146]. 
The imprinting status of HI9 has also been examined in RMS [147] and was 
found to be normal in both subtypes. However, the expression was reduced 
significantly in 13/15 E-RMS and 2/11 A-RMS. This phenomenon was 
associated with either loss of the maternal (expressed) allele or LOI of IGF2. In 
contrast to the situation for Wilms tumor, reduced expression of HI9 was not 
seen in all cases with LOI of IGF2. 

BWS associated tumors: hepatoblastoma 
The genetics of hepatoblastomas 

Hepatoblastoma (HB) is a rare malignant epithelial tumor of the liver 
with an incidence of 1 case per million children [148]. However it is the most 
common malignant hepatic neoplasm of childhood. It occurs with a 
predominance in males [149]. 

Although most cases are sporadic some HBs are associated with either 
BWS or familial adenomatous polyposis coli (FAP) [150-154]. Since FAP 
patients carry mutations in the adenomatous polyposis coli (APC) gene 
[155,156], sporadic HBs have also been analyzed for the presence of mutations 
in this gene. A study by Oda et al. [157] indeed showed alterations of the APC 
gene in 69% of the sporadic cases. When FAP occurs in combination with 
extracolonic symptoms it is commonly referred to as Gardner syndrome [158]. 
Patients suffering from this disease also have an increased risk for the 
development of HB [159]. The trisomy 18 syndrome can also be associated 
with HB, as has been found in 4 patients (reviewed in [160]). One of the 
phenotypic features of trisomy 18 syndrome is the presence of an omphalocele 
(also found in BWS patients). It has been suggested that this feature may be one 
of the factors important in the development of HB in cases in which part of the 
liver has herniated into the omphalocele [160]. 

As was found for the other BWS associated tumors, LOH of l ip 15 has 
also been found independently by several researchers [118,161-163] for HB. 
The series analyzed by Albrecht et al. [163] was the largest and showed a 
percentage of LOH of 33%. An LOH study of chromosome 1 showed frequent 
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loss of alleles in HBs [164]. In 32 cases 34% had lost heterozygosity for (a part 
of) chromosome 1, of which 22% were homozygous for markers on the (distal) 
short arm. 

There has been a report of the occurrence of HB in the Li-Fraumeni 
syndrome [165] and in addition one study showed mutation of the p53 gene in 
1/3 sporadic HB samples [166]. 

Cytogenetic analysis of HB revealed certain consistent chromosome 
anomalies. Most frequently found are extra copies of chromosomes 2q and 20 
(reviewed in [167]). There has also been a report about a recurring 
translocation: t(l;4)(ql2;q34) which results in partial trisomy of most of 
chromosome arm lq and partial monosomy of distal 4q [168]. CGH analysis 
identified mostly gain of DNA. Chromosomes affected in more than 30% of the 
cases included 1, 2, 7, 8 and 17 [169]. 

The epigenetics of hepatoblastomas 
When determining the parental origin of 1 lp alleles lost in HBs it became 

clear that also in this BWS associated tumor LOH of llpl5.5 was exclusively 
of maternal origin [163]. When looking directly at the imprinting status of the 
IGF2 and HI9 genes biallelic expression was detected. Two studies showed 
LOI of IGF2 with normal imprinting of H19 in 1/3 HBs [170] and in 1/5 HBs 
[171]. A third study showed LOI of both genes in 1/5 cases [172]. 

Common genetic pathways 
When reviewing all genetic and epigenetic data it becomes clear that the 

most evident abnormality found in all BWS associated tumors affects 
chromosome region l ip 15 (table 1). This is the region to which the syndrome 
has been linked. All 4 tumor types show LOH of markers in this region. And up 
until now, data have been published for all except ACC showing that LOH 
affects the maternal allele, with retention of the paternal allele (one ACC with 
paternal UPD has been described [106]). This suggests the involvement of 
genomic imprinting. Indeed, abnormal imprinting was found for these tumors as 
it was for BWS: They display LOI of the maternally imprinted IGF2 gene. 
Therefore, this growth factor may play a central role in the development of the 
overgrowth syndrome and its associated tumors. Increased expression has been 
noted for WT, ACC and E-RMS and LOI of IGF2 has been associated with 
decreased expression of the supposed tumor suppressor gene HI 9. 
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Table 1: Summary of genetic aberrations found in two or more of the BWS 
associated tumor-types. 

duplications WT ACC E-RMS HB 

+lq 
+2q "Ä:^^^l^$^^^^^^^^^^^ 
+7q . .. •......:•....••,..... ....'.:••..• Ji ::: •....• .'_ 
+8 
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translocations/loss of 
genetic material 

WT ACC E-RMS HB 

LOH/translocation lp 
translocation/-3p llll|pl|lllllll||§ lilllliïlift 
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LOH 16q 
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-17p 
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imprinting/expression 
abnormalities 

WT ACC E-RMS HB 

LOI IGF2 

WT 

îiîiiîîlilîiiîiiï 
increased expression 

IGF2 

WT 

111111 
LOI HI9 

WT 

decreased expression 
H19 

WT 

Note: Abnormalities are shown in the left column. Gray boxes below the tumor-types indicate 

that the abnormality has been found in the tumors. White boxes below the tumor-types 

indicate that the abnormality was not found in the tumors or that the tumors were not analyzed 

for the presence ofthat particular abnormality. 

There is an additional genetic abnormality common between all 4 types 
of neoplasms. They all show mutations in the p53 gene. However, this is found 
in a large proportion of all cancers and therefore is considered not to be specific 
for the development of tumors associated with the BWS. 

Besides genetic evidence there are also pathological data indicating an 
association between these tumors. Both WT and HB may contain 
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rhabdomyomatous tissue, whereas primary tumors of the liver have been shown 
to consist of ACC and RMS (reviewed in [118]). 

There are also several chromosome aberrations found in a subset of these 
tumors. When considering abnormalities found in three of the four tumor-types 
there seems to be a strong connection between WT, E-RMS and HB. As shown 
in table 1 they share 7 common genetic abnormalities. Besides the 
abnormalities already mentioned above, they all may contain extra copies of 
chromosomes 7q, 8 and 17q. Therefore, these chromosome regions may contain 
genes that play a role in the normal embryonal development of the affected 
tissues. Since these affected regions are large it would be very difficult to 
identify the genes involved. More interesting therefore is the abnormality of 
chromosome lp that was found in these tumors. This presented either as LOH 
or structural abnormality of the short arm of chromosome 1. Since these 
aberrations affect small(er) regions of the chromosome they may be very 
helpful in the identification of genes. This applies especially to the analysis of 
translocation breakpoint regions, as has been shown for the regions involved in 
BWS. 

Extra copies of chromosome 12 have been identified in the subset 
consisting of WT, ACC and E-RMS. These tumors are also characterized by 
increased expression of IGF2. 

When analyzing the published data, it becomes clear that WT and E-RMS 
share most genetic aberrations, a total of 12 (table 1). Therefore, the genetic 
relationship is most evident between these two tumor-types. In addition to the 
abnormalities already mentioned they have both been shown to contain extra 
copies of chromosome 18 and in both tumor types decreased expression of H19 
has been found. Further elucidation of the common genetic pathways involved 
in the etiology of the BWS associated tumors awaits identification of the genes 
involved. 
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Loss of imprinting of IGF2 is 
linked to reduced expression and 
abnormal methylation of H19 in 
Wilms' tumour 
Marja J. C. Steenman1, Shirley Rainier1, Craig J. Dobry1, Paul Grundy2, Isabelle L. Horon3 

& Andrew P. Feinberg1,4 

The insulin-like growth factor-ll (IGF2) and H19 genes are imprinted in mouse and 
human, with expression of the paternal IGF2 and maternal H19 alleles. IGF2 undergoes 
loss of imprinting (LOI) in most Wilms' tumours (WT). We now show that: (i) LOI of IGF2 
is associated with a 80-fold down regulation of H19 expression; (ii) these changes are 
associated with alterations in parental-origin-specific, tissue-independent sites of DNA 
methylation in the H19 promoter; and (iii) loss of heterozygosity is also associated with 
loss of H19 expression. Thus, imprinting of a large domain of the maternal chromosome 
results in a reversal to a paternal epigenotype. These data also suggest an epigenetic 
mechanism for inactivation of H19 as a tumour suppressor gene. 

One of the most provocative recent discoveries in 
mammalian genetics is genomic imprinting, or differential 
expression of parental alleles in normal development. The 
first molecular evidence was derived from studies of 
transgenes in mice1, some of which are imprinted and 
associated with methylation of the nonexpressed allele2. 
Several genes are imprinted in mice3 including the insulin-
like growth factor-II gene4 ( igß), an autocrine growth 
factor in many tumours5-7 and H19 (ref. 8), a gene that 
may act as an RNA and whose normal function is unknown. 
IGF2 and H19 map to chromosome l lp l5 .5 (ref. 9), a 
region involved in paternal uniparental disomy (UPD) in 
Beckwith-Wiedemann syndrome10 (BWS), which also 
predisposes to a wide variety of childhood cancers 
including Wilms' tumour (WT). 

Recently, both IGF2 and H19 have been shown to be 
imprinted in humans, with reciprocal expression of the 
paternal IGF2 (refs 11-13) and maternal H19 alleles1114|1S. 
In addition, IGF2 (refs 11,12) and H19 (ref. 11 ) undergo 
loss of imprinting (LOI) in most WT's. Because ÏGF2 is an 
autocrine growth factor, it has been proposed that LOI of 
IGF2 leads to overexpression of IGF2 and Wilms' 
tumourigenesis. Alternatively, HJ9has been proposed to 
act as a tumour suppressor gene, since it suppresses 
tumourigenicity when overexpressed using an expression 
construct in WT and rhabdomyosarcoma cells16. However, 
the relationship of LOI to tumour suppressor activity is 
unclear, particularly considering the low frequency of 
imprinting changes of H19 (29%) compared to IGF2 
(77%)n . 

To investigate the relationship of LOI to deregulated 
gene expression, we examined Wilms' tumours with and 
without LOI for expression of IGF2 and HI 9. Surprisingly, 

while IGF2 expression was variably increased in tumours 
showing LOI of IGF2, LOI of IGF2 was invariably associated 
with abrogation of H19 expression. LOH, which also 
affects the maternal allele, similarly led to loss of H19 
expression. Finally, LOI of IGF2 was associated with 
increased methylation of five parental-origin-specific 
Hpall sites upstream of H19. These data suggest that LOI 
involves reversal of an imprinting domain on the maternal 
chromosome, and that LOI and LOH share a common 
final pathway of reduced expression of H19 in WT. 

IGF2 and H19 expression in LOI 
Twelve WT'sheterozygousfortranscribed polymorphisms 
in IGF2 or H19 (and thus informative for imprinting 
status) were examined for expression of these genes by 
northern blot analysis. Of these tumours, eight showed 
LOI of IGF2, and one also showed LOI of H i 9. In addition, 
three fetal kidneys and normal tissue from six kidneys 
resected from children with WT were also examined for 
expression of these genes. Of these nine kidneys, eight 
showed normal imprinting. One kidney derived from a 
patient with BWS had undergone LOI in normal tissue, 
consistent with LOI seen in nontumour cells of some 
BWS patients17'18. 

WT's with LOI expressed on average twice as much 
IGF2 as WT's without LOI ( 1.82 + 0.35 versus 0.96 ± 0.46, 
normalized to GAPDH), as would be predicted by loss of 
imprinting of the normally nonexpressed allele (Fig. 1, 
Table 1 ). However, these differences were not statistically 
significant, because of the wide range of expression of 
IGF2 among the tumours of each group. While normal 
kidney tissue removed from WT patients is no t 
developmentally similar to WT precursor cells", these 
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Wilms' Tumours 

Non-LOI 
1 

Non-LOH LOI LOH 

IGF2 • • • • • * 

H19 • • • • • 

GAPDH • t - - «• -

Fig. 1 Northern blot analysis of six WTs for expression of 
IGF2, H19 and GAPDH. RNA from two WTs without loss of 
heterozygosity (LOH) or loss of imprinting (LOI), two WTs 
with LOI, and two WTs with LOH was electrophoresed, 
transferred to nylon membranes and hybridized with IGF2, 
H19 and GAPDH probes (see Methodology). The filters 
were stripped after each hybridization. 

tissues also showed a wide range of IGF2 expression 
(Table 1). 

In contrast, expression of HI9in all tumours showing 
LOI of IGF2 was barely detectable (0.022 ± 0.007, 
normalized to GAPDH), approximately 80-fold lower 
than that seen in tumours with normal imprinting of 
IGF2(l.79± 0.68, normalized to GAPDH; Fig. l.Table 1). 
One tumour showed LOI of H19 and IGF2, and H19 
expression was barely detectable in this tumour, as well. 
These differences in expression were highly statistically 
significant (p<0.0001 ). Theratioof/GF2to HI9expression 
was also highly significant (p < 0.0001 ), 168 ± 66 for WT's 
with LOI, compared to 0.640 + 0.195 for WT's without 
LOI or LOH. 

Thus, tumours with LOI of IGF2, while activating the 
normally silent maternal allele, showed a two-fold but 
statistically insignificant increase in IGF2 expression, 
compared to tumours without LOI. However, LOI of 
IGF2 was significantly associated with silencing of the 
normally expressed HI9allele on that chromosome. These 
data suggest that decreased expression of H19 might be 
the pathologically significant result of IGF2 LOI in WT. 
We thus hypothesized tumours with loss of heterozygosity 
(LOH) of 1 lp would also show down regulation of H19 
expression, because LOH preferentially involves the 
maternal allele. Indeed, preferential maternal LOH 
originally led to the imprinting hypothesis in WT2M2. In 
all four tumours with LOH examined, H19 showed little 
or no expression (0.008 ± 0.007, normalized to GAPDH, 
Fig. 1, Table 1 ), and this result was also statistically highly 
significant (p <0.0001). The IGF2 to H19 ratio in these 
tumours was 1,902 + 701 (p ± 0.0001). Thus, down 
regulation of H19 expression appears to be a common 
final pathway of both LOI and LOH. 

Parental-origin-specific methylation of H19 
Recently, Ferguson-Smith et alP found parental-origin-
specific methylation of the murine HI 9gene by examining 
experimentally derived embryos maternally disomic for 
H19 (MatDi7). They observed that the H19 promoter is 
hemimethylated in normal embryos and unmethylated in 
MatDi7 embryos, indicating that the maternal allele is 
normally unmethylated and the paternal allele is normally 
methylated (after fertilization, as it is unmethylated in 
sperm23). Paternal-specific methylation has also been 
shown by examination of interspecific hybrid mice24. 

Because tumours with LOI of IGF2 showed down 
regulation of HI 9 expression in our study, we sought to 
determine whether the human H19 promoter also 
undergoes parental-origin-specific methylation, and if 

imprint-specific 
methylation region 

normal kidney I [ Ä J L -? fe iT^Î I M 12/12 

normal lymphocytes I I iff I I T i f » I ITI T _I_L I 6/6 

WT's with LOI of IGF2 L -flu i T Tu» MTI T i l i f t 10/10 

BWS; lymphocytes with UPD (mosaic) I I t t I I ? t f » I I t l t I l l f t 4/4 

sperm JL ÎLÎ uM 1/1 

Fig. 2 Methylation status of 10 Hpall sites in the promoter and 5' portion of the H19 gene. Hpall sites are numbered 1 
through 10 and are indicated by circles which are filled in black according to the degree of methylation. Methylation 
status of Hpall sites that are filled in grey was not determined. Numbers on the right of each methylation pattern indicate 
number of samples showing a given methylation pattern/number of samples tested. A restriction map is shown for Psfl, 
Banl and Pvull. The probes used are shown as horizontal lines under the first methylation map. The transcription start site 
is indicated by an arrow. 
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so, whether the methylation pattern is altered in tumours 
with LOI. Zhang etat, recently observed hypomethylation 
of H19in ovarian teratomas, which are parthenogenetic, 
suggesting that the two alleles are differentially 
methylated14. 

We therefore hybridized 15 tumours and 22 
nonmalignant tissues with six distinct probes derived 
from the promoter and 5' portion of H19. These probes 
recognize specifically all 10 Hpall sites in this region, 
corresponding to the region known to exhibit parental-

origin-specific variation in the mouse (Fig. 2). Sites 6-10 
showed hemimetbylation in kidney but were completely 
methylated in lymphocytes, which did not express H19. 
Therefore these sites showed tissue-specific variation as is 
seen with most genes showing tissue-specific expression. 
However, all five Hpall sites in the promoter showed 
hemimethylation in normal kidney, normal lymphocytes 
and in six other fetal tissues (adrenal, brain, heart, lung, 
spleen and tongue), independent of H19 expression in 
those tissues (Fig. 3a). These results suggest that H19 

Table 1 Expression of IGF2 and H19 and methylation of the H19 promoter in 41 normal tissues and Wilms' tumours 

Tissue Patient /GF2-Apal /GF2-DR H79-Rsal Expression Expression Methylation 
DNA RNA DNA RNA DNA RNA IGF2/GAPDH H19/GAPDH H19 promoter 

1 2 3 4 5 

Fetal kidney 
FK 1 b/b a/b a/b 0.54 1.1 0 0 0 0 0 
FK 2 b/b b/b a/b a/- 0.96 
FK 3 b/b b/b b/b 0 0 0 0 0 
FK 4 a/b -lb b/c -/C b/b 0.4 0.82 

WT's with LOI 
NK 5 b/b a/b a/b a/- 0 0 0 0 0 
WT 5 b/b I a/b a/b I a/b a/- 1.09 0.01 + + + + + 
NK 6 a/b -lb b/c a/b a/- 0 0 0 0 0 
WT 6 a/b a/b b/c a/b 0.71 0.03 + + + + + 
NK 7 a/b a/- a/c a/b -/b 0 0 0 0 0 
WT 7 a/b a/b a/c a/b -/b + + + + + 
NL 8 a/b a/c a/b 0 0 0 0 0 
WT 8 a/b a/b I a/c a/c | I a/b a/b I 3.25 0.01 + + + # # 
NK 9 a/b a/- a/c -/c 1.69 0.76 0 0 0 0 0 
WT 9 a/b a/b I a/c a/c I b/b 2.46 0 + + + + + 
NK 10 b/b b/c 0.43 0.16 0 0 0 0 0 
WT 10 b/b I b/c b/c | b/b 1.91 0.02 + + + + + 
NK 11 a/b b/c a/b 2.39 3.68 0 0 0 0 0 
WT 11 a/b a/b b/c a/b 1.03 0.06 + + + + + 
WT 12 b/b I a/b a/b I a/b 2.31 0.02 + + + + + 
WT 13 a/b a/b b/c b/b + + + + + 

BWS with LOI 
14 
14 

with LOH 

b/c 
b/c 

a/b 
a/b 0.45 0 

+ 
+ 

+ 
+ 

0 0 
+ 

NK 
with LOI 

14 
14 

with LOH 

a/b a/b b/c 
b/c 

a/b 
a/b 0.45 0 

+ 
+ 

+ 
+ 

0 0 
+ 

0 
WT 

with LOI 
14 
14 

with LOH 

a/b a/b 
b/c 
b/c 

a/b 
a/b 0.45 0 

+ 
+ 

+ 
+ 

0 0 
+ + 

WT's 

with LOI 
14 
14 

with LOH 

b/c 
b/c 

a/b 
a/b 0.45 0 

+ 
+ 

+ 
+ 

0 0 
+ 

NK 15 
15 
16 

a/b 

a/b 

b/c 

a/b 

b/- b/b 

a/b 
3.37 0 WT 

15 
15 
16 

a/b 

a/b 
b 

b/c 

a/b 

b/- b/b 

a/b 
3.37 0 

NK 

15 
15 
16 

a/b 

a/b 

b/c 

a/b 

b/- b/b 

a/b 
3.37 0 

WT 16 
17 a/a c/c 

I a 4.18 0.03 
NK 

16 
17 a/a c/c a/b 

4.18 0.03 

WT 17 
18 

a/? 
b/b 

c/? 
a/b 

I b 2.6 0 
0 0 0 0 NK 

17 
18 

a/? 
b/b 

c/? 
a/b a/a 

2.6 0 
0 0 0 0 0 

WT 18 

without LOI or 1 

b/? 

.OH 

I a a/? 1.5 0 + + + + + 

WT's 

18 

without LOI or 1 

b/? 

.OH 

a/? 1.5 0 + + + + 

NK 19 a/b b/c a/b 0 0 0 0 0 
WT 19 a/b b/c b/- a/b a/- 0.14 0.23 0 0 0 0 0 
NK 20 a/b e/e b/b 0 0 0 0 0 
WT 20 a/b -lb e/e b/b 0.37 3.04 0 0 0 0 0 
NK 21 a/b a/b b/b 0.22 0 0 0 0 0 
WT 21 a/b -lb a/b b/b 1.13 1.08 0 0 0 0 0 
NK 22 b/b b/b a/b -/b 0 0 0 0 0 
WT 22 b/b b/b a/b -/b 0 0 0 0 0 
WT 23 a/b -lb b/b a/a 2.2 2.81 

Four fetal kidneys (FK) and 19 WT's with corresponding normal kidney (NK) or lymphocytes (NL) were examined for expression of IGF2 and 
H19, as well as methylation of Hpall sites 1 -5 in the HI9 promoter (Fig. 2). Tissues are grouped according to their genetic abnormality: LOI, 
LOH or neither. The genotypes that are boxed are informative for either imprinting status or LOH. Methylation status is scored as follows: 0 = 
normal hemimethylation; + = 90-100% methylation; # = site 4 or site 5 but not both are fully methylated in WT8 (cannot be distinguished 
because of the fragment size). 
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271 
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Pt.ll 

shows parental-origin-specific t issue-independent 
methylation of the promoter region. 

We sought to confirm this observation more rigorously, 
in a manner similar to that employed by Ferguson-Smith 
et al.23, (that is, using a genome derived from a single 
parent) , but without using teratomas (which are 
parthenogenetic) or hydatidiform moles (which are 
androgenetic), since it is well established that tumours 
undergo substantial alterations in DNA methylation25"27. 
We therefore obtained blood samples from 25 patients 
with BWS in order to identify those with uniparental 
disomy (UPD, two paternal copies of 1 lp l5) . Four such 
patients were found (Table 2), consistent with previous 
estimates of UPD frequency28. If methylation of the H19 
promoter were parental-origin-specific, then the BWS 
patients with UPD should show increased methylation of 
this region. Indeed, sites 1-5, which were hemimethylated 
in tissues of normal patients, showed increased 
methylation in all four BWS patients with paternal UPD 

Fig. 3 Methylation analysis of Hpall sites 3, 4 and 5 of the 
H19 promoter, a, normal tissues; b, BWS patients with 
paternal uniparental disomy of 11 p15.5; c, Wilms' tumours, 
showing loss of /GF2 imprinting. DNA was digested 
sequentially with either FVull and Pstl alone (-), or Pvull, 
Psfl and HpaU (+). The digests were electrophoresed, 
transferred to nylon membranes and hybridized with a 610 
bp fragment that spans Hpall sites 3-5 (Fig. 2) (see 
Methodology). Fragment sizes are indicated on the left in 
base pairs, a, Sp, sperm; FK, fetal kidney; FB, fetal brain; 
FL, fetal lung; NK, normal kidney, to, NL, normal 
lymphocytes (non-BWS); BWS-UPD, BWS patient without 
UPD; BWS+UPD, BWS patients with UPD (numbers 1, 2 
and 3 in Table 2). c, DNA samples are numbered as in 
Table 1. 

(Figs 2,3è). The degree of methylation (80-90%) was 
consistent with the somatic mosaicism of disomic and 
non-disomic cells in these and other patients28. In contrast, 
the methylation pattern of sites 6-10 (which showed 
tissue variation in normal patients) was unchanged in 
BWS patients with UPD (Fig. 2). Thus, just as in the 
mouse, where parthenogenetic animals could be derived 
experimentally23, patients with BWS and UPD provide 
strong evidence that the H19 promoter undergoes 
parental-origin-specific methylation in humans. 

In order to exclude the possibility that these methylation 
differences were allele-specific and were not caused simply 
by the fact that the patients had BWS, we examined five 
patients with BWS not showing UPD. In four of five cases, 
the methylation pattern was indistinguishable from that 
seen in normal individuals, as was the case for sites 6-10 
(Fig. 3b). Thus, in these individuals, the pattern of 
methylation in the promoter of H19vizs parental-origin-
specific, in that the paternally derived copy was methylated 
in a tissue-invariant manner. 

One BWS patient not showing UPD nevertheless showed 
increased methylation of three of the five parental-origin-
specific methylation sites in the Hi9promoter in normal 
tissue, thus partially resembling the pattern seen in 
tumours with LOI (see below). However, analysis of RNA 
from this patient revealed that his normal tissue had 
undergone loss of imprinting, which we have observed in 
one-third of BWS patients (data not shown). Finally, as in 
mice23,24, parental-origin-specific methylation of the 
promoter must have occurred postzygotically, because 
this region was unmethylated in sperm DNA (Figs 2,3a). 

Abnormal methylation of the H19 promoter 
Because tumours with LOI of IGF2 showed reduced 
expression of HI 9, and because normal imprinting of HI 9 
is associated with methylation of the paternal allele, we 
asked whether the methylation pattern of H19 was 
disturbed in these tumours. In nine cases showing LOI of 
IGF2, the HI 9promoter showed 90-100% methylation at 
the sites normally unmethylated on the maternally 
inherited allele (Fig. 3c, Table 1 ). Thus, the maternal allele 
had acquired a paternal pattern of methylation. This is 
consistent with the fact that the 1GF2 gene on the same 
(maternally derived) chromosome was expressed in these 
tumours (Table 1), as occurs normally only on the 
paternally derived chromosome. In contrast, four tumours 
without LOI of IGF2 showed no change in the methylation 
of H19 (Table 1), indicating that these changes were 
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NORMAL 

Fig. 4 Model of loss of imprinting of IGF2, H19, and 
methylation of the H19 promoter in Wilms' tumour. In 
normal cells, the paternal IGF2 and maternal H19 genes 
are expressed (shown large). Several sites upstream of 
H19 ate methylated on the paternal allele (filled circles) and 
unmethylated on the maternal allele (open circles). In 
tumours with LOI, the maternal chromosome reverses to a 
paternal epigenotype, with a paternal pattern of 
methylation of the H19 promoter, IGF2 turned on, and H19 
turned off, causing increased cell growth. LOI of H19 on 
the maternal chromosome, when it occurs, could occur 
independently or could be influenced by events on the 
paternal chromosome. 

related to abnormal imprinting and not malignancy per 
se. Some tumours show LOI of both IGF2 and H19 (ref. 
11 ). In the one tumour here with LOI of both genes, the 
maternally inherited HI 9 allele was partially methylated, 
with four of the five sites affected (Table 1), consistent 
with abnormal methylation on both chromosomes in this 
tumour. 

Discussion 
Imprinted genes in humans and loss of imprinting in 
cancer are novel observations whose implications in 
normal development and disease are only beginning to be 

understood. As a first step, we have tested the hypothesis 
that LOI is related to abnormal expression of the affected 
genes in Wilms' tumour. We have found an approximately 
twofold increase in IGF2 levels in tumours with LOI, 
consistent with what one might expect from activation of 
a normally silent allele. Far more striking, however, was 
the virtual abolition of H19 expression in tumours with 
LOI of IGF2. This change in expression appears to be 
related to LOI specifically, since it was not seen in tumours 
with normal imprinting. LOH was also associated with 
loss of HiSexpression. Thus, loss of Hi 9 expression may 
be a common final pathway of LOH and LOI and may 
explain why LOH preferentially involves the maternal 
allele. Consistent with this hypothesis, Hao et al. recently 
observed suppression of tumorigenicity when H19 was 
introduced into and expressed at high levels in a WT and 
rhabdomyosarcoma cell line16. Thus, our data are 
consistent with their hypothesis that HI 9 is a tumour 
suppressor gene. Nevertheless, we have also mapped a 
rhabdomyosarcoma suppressor gene, using 
subchromomal transferable fragments (STFs) from llpl5 
(ref. 29), to a region between DUS12 and D11S724, thus 
excluding IGF2 and H19. LOH mapping ofWT also places 
the common region of overlap to the same region defined 
by STFs (C. Junien, personal communication), 
centromeric to IGF2 and HI 9. The most likely explanation 
is that there are multiple genes on l ip 15 important in 
WT, as there are for other tumours on other 
chromosomes30. 

Our data also show that the H19 promoter region 
undergoes parental-origin-specific DNA methylation as 
in the mouse23,24. We examined 10 specific Hpall sites in 
this region and found five that show parental-origin-
specific, tissue-independent methylation, and five that 
show more typical tissue-specific variation. These data 
are generally consistent with those of Zhang et al. ", who 
found hypomethylation of HJ9in ovarian teratomas and 
allele-specific methylation o(H19 in normal tissue. 

We sought to examine the HI 9promoter region directly 
in normal tissue by identifying BWS patients with paternal 
UPD, which allowed us to distinguish paternal from 
maternal methylation patterns. This approach permitted 

Table 2 Identification of BWS patients with uniparental disomy 

D11S16 
Msp\ 

CALCA 
Taol 

HBG1 
H/ndlll 

HBG2 
H/ndlll 

D11S551 
Msp\ 

INS 
Pvull 

IGF2 
Ssfl 

IGF2 
Apa\ 

IGF2 
DR 

H19 
Ftsa\ 

H19. 
Taqi 

HRAS1 
Taq] 

HRAS1 
Msp\ 

1-M 
1-F 

1/3 
2/2 

I 2/2 I 

2/2 
2/2 
2/2 

1/2 
1/1 
1/1 

2/2 
1/2 
2/2 

2/2 
1/1 

1/1 
3/3 
3/3 | 

1/2 
2/2 
2/2 

1/2 
2/2 
2/2 

1/3 
n.d. 

1/1 
2/2 
2/2 

2/2 
1/2 

I 1/1 

4/4 
3/4 

| | 3/3 | 

4/4 
3/4 

1-P 

1/3 
2/2 

I 2/2 I 

2/2 
2/2 
2/2 

1/2 
1/1 
1/1 

2/2 
1/2 
2/2 M / 1 I I 

1/1 
3/3 
3/3 | 

1/2 
2/2 
2/2 

1/2 
2/2 
2/2 I 2/2 I 

1/1 
2/2 
2/2 

2/2 
1/2 

I 1/1 

4/4 
3/4 

| | 3/3 | I 3/3 | 
2-M 
2-F 
2-P 

1/2 
2/2 
1/2 

n.d. 
n.d. 
n.d. 

n.d. 
n.d. 
n.d. 

n.d. 
n.d. 
n.d. 

n.d. 
n.d. 
n.d. 

4/6 
3/5 
3/3 | 

1/2 
2/2 
2/2 

1/2 
2/2 
2/2 

2/3 
1/2 
2/2 

1/2 
2/2 
2/2 

2/2 
1/1 
1/1 

4/5 
3/4 
3/3 

1/4 
1/4 
1/1 

3-M 
3-F 
3-P 

1/3 
1/3 
1/3 

1/2 
2/2 
2/2 

1/1 
1/1 
1/1 

1/ 
1/1 
1/1 

n.d. 
n.d. 
n.d. 

/3 
1/3 
3/3 

2/2 
1/2 

I 1/1 I I 

2/2 
1/2 
1/1 | 

2/2 
2/3 

I 3/3 I 

1/2 
1/2 
2/2 

1/2 
1/1 
1/1 

1/4 
3/4 
4/4 

4/4 
3/4 
4/4 

4-M 
4-P 

1/3 
1/3 

2/2 
2/2 

1/1 
1/1 

1/2 
2/2 

n.d. 
n.d. 

3/3 
2/2 I 

2/2 
2/2 

2/2 
2/2 

2/2 
2/2 

1/2 
1/1 

2/2 
I 1/1 

4/4 
4/4 

4/4 
4/4 

Genotypes in thick-lined boxes are those for which the patients conclusively showed paternal uniparental disomy. Genotypes for which the 
patients were not informative are indicated by thin-lined boxes. Alleles are numbered according to decreasing size. M, mother; F, father; P, 
patient; n.d., not determined. 
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precise mapping of parental-origin-specific methylation 
to the region immediately upstream from, but not beyond, 
the transcriptional start site. We also found that this 
region was hypomethylated with the exception of sperm 
DNA, as in mouse23, implying that the methylation pattern 
is established after fertilization. 

What of the 29% of tumours that show LOI of both IGF2 
and Hi 9? In the tumour studied here, H i 9 expression was 
still low, although one of the five parental origin- specific 
Hpall sites was unmethylated. LOI of H19 has been seen 
only when IGF2 is also affected. An interesting possibility is 
that a factor normally involved in expression of the maternal 
H19 allele, when that allele is inactivated in cancer, could 
leak onto the paternal chromosome if the chromosomes are 
paired as in Drosophilcf1. Alternatively, H19 overexpression 
could be deleterious to the cell, and thus LOI of H19 on 
the paternal chromosome is found only when H19 
expression is down regulated. 

Studies of isodisomic mice32 and evolutionary models 
of divergent selective pressures on parental gametes33,34 

both suggest that paternally imprinted chromosomes 
stimulate growth, and maternally imprinted chromosomes 
inhibit growth; the paternal expression of IGF2 and 
maternal expression of HI 9 are consistent with this idea. 
Concordant LOI of IGF2, inactivation of H19, and switch 
in the methylation pattern suggest a model in which a 
large domain of the maternal chromosome has reversed 
to a paternal epigenotype, leading to increased growth in 
which both IGF2 and Hi9may be important (Fig. 4). The 
initial event in this switch could be a change in expression 
of either gene. In normal development, expression of one 
gene may be influenced by expression of the other, by 
competition for a common factor24. The initial event 
could also involve DNA methylation. More than ten years 
ago, Feinberg and Vogelstein reported abnormal DNA 
methylation in cancer25, and knockout mice lacking a 
normal DNA methyltransferase gene show altered DNA 
methylation and abnormal imprinting35. Thus, abnormal 
methylation may play a causal role in this switch, which 
could have implications for cancer treatment. 

Methodology 
Nucleic acid preparation. Genomic DNA was prepared by treating 
minced tissues or peripheral blood lymphocytes with 0.5 mg nr' 
proteinase K in 1 % SDS, followed by phenol/chloroform extraction 
and ethanol precipitation. Poly A* RNA was isolated using the 
FastTrack mRNA isolation kit (Invitrogen). 

Analysis of uniparental disomy. To detect paternal UPD in patients 
with BWS, DNA was obtained from 25 BWS patients and their 
parents, and analysed using 13RFLPson llpl5. 5 ngof DNA was 
digested overnight with 20 U of the appropriate restriction enzyme, 
electrophoresed on a 1% agarose gel, transferred35 to Hybond-N* 
(Amersham), and hybridized36 with one of the following probes: 
D11S16 (ref. 37), to detect an Mspl polymorphism; pTT42 (ref. 38), 
which detects a Taql polymorphism3' in the calcitonin gene; JW151 

Received 14 January; accepted 12 April 1994. 

(ref. 40), which detects two HindlII polymorphisms in the ß-globin 
gene cluster"; D11S551, which detects an Mspl polymorphism'2; 
pHINS310, which detects a variable-length polymorphism", in the 
insulin gene; pIGF2IS-l (ref. 44), which detects an SstI 
polymorphism45 in the insulin-like growth factor-II gene; Dl I SSI 3E 
(ref. 46), which detects a Taql polymorphism47 in the H19gene; and 
pEJ6.6 (ref. 48), which detects a variable-length polymorphism49 in 
the c-Ha-ras-1 (HRAS1) gene. Three additional RFLP analyses were 
performed using PCR50: An Apal polymorphism in IGF2 (ref. 51), a 
dinucleotide repeat polymorphism in IGF2 (ref. 52), and foal 
polymorphism in H19 (ref. 53). 

Methylation analysis of the HI 9promoter. A1.8 kb Pstl fragment of 
the HI 9 gene46, including 825 bp upstream and 973 bp downstream 
of the transcriptional start site, and containing 10 Hpall sites, was 
analysed for DNA methylation by digestion with the following 
restriction endonucleases (Fig. 2): for all but site 6, PvuII + Pstl ± 
Hpall; for sites 6,8,9 and 10, Banl + Pstl + Hpall. In each case, 5 ug 
of DNA was digested overnight with 20 U of enzyme, followed by an 
additional 4 h incubation with another 20 U. DNA was precipitated 
after each digest and «dissolved in the appropriate restriction 
buffer. The digested DNA was electrophoresed on a 3% NuSieve 
agarose (FMC)/1% agarose gel and transferred to Hybond-N* 
(Amersham). The PvuII/Pstl/HpoII-digested DNA was hybridized 
to the following PvullIPsÛ fragments of the 1.8 kb HI 9probe: the 470 
bp PmlllPsA fragment (for analysis of Hpall sites 1 and 2), the 610 
bp fragment (for analysis of sites 3,4 and 5), the 401 bp fragment (for 
analysis of site 7), and the 200 bp fragment (for analysis of sites 8,9 
and 10) (Fig. 2). The Banl/Psfl/Hpall-digested DNA was hybridized 
to the following BanllPstl fragments of the 1.8 kb HI 9probe: the 489 
bp fragment (for analysis of sites 6 and 7) and the 263 bp fragment 
(for analysis of sites 8,9 and 10) (Fig. 2). Signals were quantitated in 
a Phosphorlmager (Molecular Dynamics). 

Analysis of tissues for LOI of IGF2 and H19. To determine whether 
tissues showed LOI of IGF2 and HI 9, they were analysed for mono-
orbi-allelic expression of these genes. DNA and reverse-transcribed 
mRNA from each tissue was analysed as described in ref. 16 by the 
following RFLP assays using the polymerase chain reaction: an Apal 
polymorphism51 and a dinucleotide repeat polymorphism16,52 in the 
IGF2 gene, and a foal polymorphism53 in HI 9. 

Northern blot analysis.0.1-0.5 ug of mRNA was electrophoresed on 
a 1% agarose/5% formaldehyde gel, transferred to GeneScreen 
(DuPont), and hybridized54 with the following probes: GAPDH(gift 
of Paul Killian); the 1.8 kb Pstl fragment of H19 (Fig. 2); an EcoKI 
cDNAfragment OÜGF2 (ref. 44). Gene expression was quantified on 
a Phosphorlmager (Molecular Dynamics), and normalized for total 
mRNAbyrehybridizingwithGAPDH.Alloftheblotswerehybridized 
simultaneously with a given probe to preclude differences in probe 
quality. 
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1/3 

2/2 
I 2/2 | I VI | 

1/2 
I 2/2 | I n.d. | 

INS 
Pvutt 

1/1 
3/3 

I 3/3 I 

4/6 
3/5 

I 3/3 I 

3/3 
1/3 

I 3/3 | 

3/3 
I 2/2 | I 2/2 | | 

2/2 | 

2/2 
1/2 
1/1 I 

2/2 
2/2 | 

I 2/2 | | 

2/2 
2/3 

I 3/3 I I 

2/2 
I 2/2 | | 1/1 

H19 
Taq\ 

2/2 
1/2 

II 1/1 
2/2 
1/1 

II 1/1 
1/2 
1/1 

II 1/1 
2/2 

II 1/1 

HRAS1 I 
Taqi 

4/4 
3/4 

I I 3/3 I I 

4/5 
3/4 

I I 3/3 I I 

1/4 
3/4 

I I 4/4 | | 

4/4 
1 I 4/4 | | 4/4 | 

D11S16 
Msp\ 

1/3 
2/2 

I 2/2 | 

1/2 
2/2 
1/2 

1/3 
1/3 
1/3 

1/3 
1/3 

2/2 
I 2/2 | 

1/2 
I 2/2 | 

INS 
Pvutt 

1/1 
3/3 

I 3/3 I 

4/6 
3/5 

I 3/3 I 

3/3 
1/3 

I 3/3 | 

3/3 
I 2/2 | 

2/2 | 

2/2 
1/2 
1/1 I 

2/2 
2/2 | 

I 2/2 | | 

2/2 
2/3 

I 3/3 I I 

2/2 
I 2/2 | | 1/1 

H19 
Taq\ 

2/2 
1/2 

II 1/1 
2/2 
1/1 

II 1/1 
1/2 
1/1 

II 1/1 
2/2 

II 1/1 

HRAS1 I 
Taqi 

4/4 
3/4 

I I 3/3 I I 

4/5 
3/4 

I I 3/3 I I 

1/4 
3/4 

I I 4/4 | | 

4/4 
1 I 4/4 | | 

Genotypes in thick-lined boxes are those for which the patients conclusively showed paternal uniparental disomy. Genotypes for which the 
patients were not informative are indicated by thin-lined boxes. Alleles are numbered according to decreasing size. M, mother; F, father; P, 
Patient; n.d., not determined. 
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Comparative genomic hybridization analysis of 
Wilms tumors 
M. Steenman, B. Redeker, M. de Meulemeester, K. Wiesmeijer, 
P.A. Voûte, A. Westerveld, R. Slater, and M. Mannens 
Institute of Human Genetics, Academic Medical Center, University of Amsterdam, Amsterdam (The Netherlands) 

Abstract. In this study we have applied the technique of 
comparative genomic hybridization (CGH) to a large series of 
sporadic Wilms tumors, including six samples of the associated 
nephroblastomatosis. The data obtained were compared with 
the findings of molecular studies carried out on the same mate
rial. The aims of the study were (1) to characterize the range of 
genetic variation in sporadic Wilms tumor and nephroblasto
matosis, (2) to determine whether changes could be found that 
have not been detected by commonly used techniques, and (3) 
to compare the sensitivity of CGH with that of conventional 
molecular analysis. 

The chromosomes that showed gains and losses by CGH 
were similar to those previously found in molecular and cyto

genetic studies, however loss of 4q was a new event identified in 
2 out of 46 tumors. We did not detect amplified genetic materi
al. Comparison of the data from the nephroblastomatosis and 
tumor samples from the same patient showed that loss of 7p 
may be associated with malignant transformation, and that 
losses in lp, l ip , 4q and gains in lq and 12q can be early 
events; whilst loss in 9p and gain of 8, lOq and 18 are possible 
secondary changes in tumor development. 

The combined CGH and molecular techniques used dem
onstrated involvement of two specific lp regions in the etiology 
of Wilms tumor. 

Wilms tumor is a childhood tumor of the kidney which 
occurs with a frequency of 1 in 10,000 children. The genetic 
changes associated with this type of cancer have been well stud
ied using both cytogenetic and molecular techniques. Molecu
lar studies revealed frequent loss of heterozygosity (LOH) on 
chromosomes lp (Grundy et al, 1994; this study), 1 lpl3 (van 
Heyningen et al., 1985), llpl5(Mannensetal., 1988, 1990 and 
references therein; Reeve et al., 1989) and 16q (Coppes et al., 
1992; Maw et al., 1992). These chromosome segments are 
therefore believed to harbor tumor suppressor genes, one of 
which has been cloned (WT1 on 1 lpl 3; Call et al., 1990; Gess
ier et al., 1990). Cytogenetic analyses (as reviewed in Slater and 
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Mannens, 1992 and Austruy et al., 1995) showed the presence 
of several numerical aberrations, mostly gains of chromosomes. 
Whole chromosome gains frequently involved chromosomes 6, 
8 and 12 whereas whole chromosome losses most often in
volved chromosomes 16, 17,22 and the sex chromosomes. Fre
quently deleted regions included chromosomes lp, 1 lp, 7p and 
17p while duplications clustered on the long arm of chromo
some 1. Limited comparative genomic hybridization (CGH) 
analysis of familial Wilms tumors showed losses of chromo
somes 3q, 4q, 9p, 1 lp, 1 lq, 16q, 17p, 20p and gains of chromo
somes 6, 8 and 12 (Altura et al., 1996). 

So far, no correlation has been observed between any type of 
genetic aberration and either stage or histology of the tumor. 
However Grundy et al. (1994) did find an association between 
LOH of either 16q or lp and an increased relapse rate. 

In order to determine whether additional chromosome 
regions are involved in Wilms tumor we applied an improved 
protocol for CGH (de Meulemeester et al., 1996) to a large 
series of sporadic Wilms tumors. This technique enables us to 
screen the entire genome for genetic losses and gains (in con
trast to conventional molecular techniques). In order to make a 
distinction between early and late events in Wilms tumorigene-
sis we also included cases of associated nephroblastomatosis 
(NBL). Nephroblastomatosis or nephrogenic rests are believed 
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to be the persistence of blastemal cells in normal kidney tissue. 
NBL is observed in about 30 % of all WT cases, and it is suggest
ed that it is a premalignant lesion, and predisposes to WT 
development (Beckwith et al., 1990). However NBL does not 
necessarily progress to WT, since NBL is found in 0.3-0.9% of 
autopsied normal infants, and this is markedly higher than the 
incidence of WT (Heidemann et al., 1985). 

Most of the DNA samples examined in this study had been 
previously analyzed in our laboratory (Mannens et al., 1990; 
this study) for the presence of LOH of certain chromosome seg
ments using molecular techniques prior to the CGH analysis, 
thereby providing a way to check the CGH results. As an addi
tional control, losses found by CGH were verified wherever 
possible using polymorphic microsatellite markers. 

CGH 
CGH was performed as described by de Meulemeester et al. (1996). 

Briefly, a mixture of 150 ng of biotin-labeled tumor DNA, 150 ng of digoxige-
nin-labeled normal DNA and 10 ng Cot-I DNA was applied to a normal 
metaphase spread. Subsequently the chromosomes and the DNA mixture 
were denatured simultaneously using a microwave. Hybridization was car
ried out for 2 to 4 d and signal was detected using FITC-conjugated avidin 
and TRITC-conjugated sheep-antidigoxigenin antibody. Chromosomes were 
counterstained with DAPI. 

Digital image analysis 
Digital image analysis was carried out using the CGH software devel

oped by Applied Imaging. For detection of losses and gains ratio-thresholds 
were set at 0.9 and 1.1 respectively. In addition, the 95 % confidence interval 
was also required to be greater or less than 1.0. Ratio's of 10 normal to nor
mal hybridizations remained within the 0.9 and 1.1 thresholds. Centromeric 
regions were excluded from analysis. 

Materials and methods 

Tissue 
Tissues were obtained by surgery after chemotherapeutic treatment. 

DNA was isolated from 7 nephroblastomatosis samples and 52 tumors 
according to standard procedures. Whenever possible DNA was also isolated 
from normal tissue. All tumors were sporadic and unilateral (except the bilat
eral tumors WT2, WT37 and WT66). Histology and tumor stage were 
defined according to the SI OP nomenclature (Société Internationale d'Onco-
logie Paediatrique; Delemarre et al., 1982). 

Southern and microsatellite analysis 
For Southern analysis, 10 ug of DNA was used for each restriction endo-

nuclease digest, and separated by gel electrophoresis in 0.8 % agarose gels in 
TBE buffer. After alkaline transfer to Hybond N+ membranes, hybridization 
was carried out in 40% formamide, 0.1 % SDS, 5 * SSC, 1 * Denhardt, 20 
mM sodium phosphate pH 7.0, 5 mM EDTA, 5 % dextran sulfate and 0.25 
mg/ml denatured herring sperm DNA at 42 ° C, with the appropriate radiola
beled probes. 

Analysis with microsatellite markers was performed according to stan
dard procedures. DNA was amplified using the polymerase chain reaction 
(PCR) (1 min denaturation at 94°C, 2 in annealing at 55 °C, 1 min elonga
tion at 72 ° C). PCR products were separated on a 6.5 % Polyacrylamide gel. 

DNA polymorphisms 
The probes used in the LOH analysis of chromosome 1 loci were: 

D1S234, D1S233 (Weissenbach et al., 1992), D1S470 (as described in the 
Genome Database), CEB15 (Lauthier et al., 1992), D1S7 (pMSl; Jeffreys et 
al., 1988), D1S95 (pl-7a), D1S94 (pI-24), D1S96 (pl-45), PND (pJAHO), 
D1S56(CRI-C52), ALPL(pLBK8B/E5'), D1S57 (pYNZ2), D1S15 (pl-1 IB), 
D1S21 (p5-34), D1S2 (L1.22), and MUC1 (pMUCIO; Williamson et al., 
1991). The chromosome 16q probes used were: D16S7 (p79-2-23), HP (hp2-
o), TAT (HP0.4), D16S4 (pACH207; Williamson et al., 1991). Restriction 
fragment length polymorphism analysis with probes for the l lp l3 loci 
D11S417 (JA8-1), D11S323 (p5S1.6), D11S324 (p60H1.4) and D11S325 
(P8B1.25; Williamson et al., 1991) and to the l lpl5 loci HBBC (pHd3.2), 
HRAS (pEJ6.6; Williamson et al., 1991) and H19 (H19S1; Redeker et al., 
1993) were used to detect 1 lp allelic loss. 

Microsatellite markers used to verify the CGH results were as follows: 
D4S192(GDB)andD4S171 (chromosome 4q; Weber et al., 1990a); D7S488 
and D7S513 (chromosome 7p; Weissenbach et al., 1992); D9S43 (chromo
some 9p; Weber et al., 1990b); D10S89 (chromosome 10p; Weber et al., 
1990d); DUS874 and DUS876 (chromosome llq; GDB); D16S292 
(Thompson et al., 1992) and HBAP1 (chromosome 16p; Fougerousse et al., 
1992); D16S265, D16S266 (Weber et al., 1990c), D16S301, D16S305 and 
D16S308 (chromosome 16q; Thompson et al., 1992); D17S578 (GDB) and 
D17S513 (chromosome 17p; Oliphant et al., 1991); APOC2 (Weber et al., 
1989), D19S75 (Weberet al., 1990e), D19S178 and D19S180(chromosome 
19q; GDB). 

Results 

CGH of Wilms tumors 
Using CGH 27 Wilms tumors out of 46 (59 %) did not show 

any chromosome losses or gains (Table 1). Regions most com
monly found to be lost included lp, l i p and 16q: Five cases 
(11%) showed loss of(part of) chromosome lpfTable 1, Fig. 1). 
Two shortest regions of overlap (SROs) were identified: lp31 
and lp36. With Southern analysis we found LOH of lp in 18% 
of the tumors (Fig. 2). The SROs identified with this method 
were as follows; from the centromere to lp34.3 and lp36.2-> 
p34.2. One tumor (WT77) showed LOH of a large portion of lp 
(Fig. 2) whereas no deletion was found with CGH. Most likely 
this tumor has become isodisomic for lp thereby retaining two 
(identical) copies of this (part of the) chromosome. This was 
confirmed by the results of Southern analysis using probe 
CEB15 (data not shown). The frequency in which isodisomy of 
lp occurs is unknown, but it should be noted that these cases 
will be missed when analyzing tumors solely by CGH. WT58, 
which was shown by CGH to have lost lpter->p32 proved to 
be heterozygous for the D1S21 marker by LOH analysis. Since 
this marker is located proximal to the deleted region the results 
of both analyses are concordant (more distal markers on lp 
were not informative). 

Four cases (9 %) showed loss of (part of) 1 lp by CGH (SRO 
at Ilpl4->pl3). This is remarkably less than the percentage 
(38%) showing LOH of l i p by Southern analysis. Of the 13 
cases with LOH of 1 lp but no detectable loss by CGH, at least 5 
showed LOH of both l lp l3 and l lp l5 markers (WT28, 
WT40, WT49, WT64, WT71). Deletions encompassing this 
region should be detectable by CGH, since our protocol enables 
us to identify deletions to a minimum of 12 Mb (de Meule
meester et al., 1996). Therefore the failure to detect loss of 
DNA in these cases can be explained by the fact that the LOH is 
a result of a mitotic recombination event. Furthermore some 
deletions may have been missed because they are too small to 
detect with CGH. 

Loss of 16q was found in 13% (6 out of 46) of the tumors. 
This is identical to the percentage of tumors showing LOH of 
this region (3 out of 23). We were able to confirm loss of 16q by 
molecular analysis in tumors WT75 and WT93. These tumors 
were not checked for 16q LOH prior to CGH analysis (Ta-
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Table 1. Results obtained with loss heterozygosity (LOH) and comparative genomic hybridization (CGH) analysis of Wilms tumors 

Tumor Histology' SIOP' Pre-CGH* LOH analysis 

l p l l p l 3 l l p l 5 16q 

CGH analysis Post-CGH 
LOH 
analysis 

Tumor Histology" SIOP" Pre-CGH" LOH analysis 

lp l l p l 3 l l p l 5 16q 

WT2 MR 
WT19 FA 
WT20 

WT22 MI m 
WT23 0 I 
WT25 
WT27 FA i 
WT28 MI n 
WT35 D I 
WT36 MI I 
WT371efta V 
WT37right V 

WT38 B I 
WT40 I 

WT42 D V 
WT44 MI ni 
WT45 FA i 

WT47 MI I 
WT48 0 n 
WT49 
WT50 
WT53' D I 
WT54 
WT55 MI m 
WT57 
WT58 

WT59' MI IV 

WT59met' 

WT60* MI n-

WTfMnbl' 
WT61 
WT63 

WT64 MI i 
\VT64nbl' 
WT65 0 n-
WT661eft' MR V 
WT6orightaMR V 

WT67 MI M 

WT67nblb 

WT67nblc' 

WT68 MR I 
WT69 MI 1 

normal 
n.d. 
+2 
+8 
-17p 
+17q 
+18 

+12 
normal 
normal 
normal 
normal 
normal 
normal 
normal 
normal 

normal 
-16q 
+18 
normal 
normal 
- l p 3 6 
-11 
+17 
+19 
+21 
+22 
normal 
normal 
normal 
n.d. 
n.d. 
normal 
normal 
normal 
-dpter->p32) 
+ lq 
+lq 
- 1 9 
- l p 3 1 
+lq 
+lq 

+8 
+12q 
+18 
normal 
normal 
+lq 
-7p 
+7q 
normal 
normal 
-(Ilpl4-»pl3) 
normal 
norma! 

+lq 
+7q 
+10q 
+12 

+7 
+12 
-16q 
+lq 
+7 
+12 
normal 
+lq 
+12 
+13 
-16q 
-17 
- 1 9 
normal 

COH analysis Post-CGH 
LOH 
analysis 

WT72 MI 
WT73 
WT75 MI 

WT76 
WT77 MI 

WT77nbl' 

WT78 
WT79 MI 

WT79nbl' 

WT81 
WT81nbl' 
WT85 
WT91 ' Ml 
WT93 

- l p 
+12 
-16q 
n.d. 
normal 
+lq 
+8 
-16q 
normal 
-7p 
+7q 
+12 
-7p 
+7q 
+12 
normal 
- l p 
+ lq 
-4q 
-9p 
-16q 

- l p 
+ lq 

- • q 
-11 
n.d 
n.d. 
+12 
n.d. 

-M 
- 1 0 
-11 
+I2q 
-16q 
-17p 
+17q 
+7 
-11 
-21 

a Histology is classified as: MR = epithelial with regular blastema, MI = epithelial with 
irregular blastema, 0 = necrotic, FA = with fibroadematous structures, D = difficult, U = 
unknown. 
b SIOP: Société Internationale d'Oncologie Paediatrique. 
0 Pre-CGH LOH analysis was performed prior to CGH analysis. Post-CGH LOH analysis 
was performed to check losses found by CGH analysis. "+" indicates LOH (in the LOH 
columns) or gain of a specified chromosome (in the CGH column). " - " indicates retention 
of heterozygosity or loss of a specified chromosome. "n.i." indicates that the DNA samples 
were not informative for markers used. Of cases marked "n.d." no CGH profiles were 
determined because there was not enough DNA available. 
" WT37 and WT66 are bilateral Wilms tumors. Samples indicated "left" were taken from 
the left kidney, samples indicated "right" were taken from the right kidney. 
e Patients with unfavorable clinical survival. 
' met = metastasis; nbl = nephroblastomatosis; nblb = nephroblastomatosis adjacent to 
tumor; nblc = nephroblastomatosis at some distance from tumor. 

ble 1 ). In addition to loss of 16q three tumors (WTs 69,75 and 
79) also had an extra copy of lq suggesting the presence of the 
der(16)t(l;16)(q21;ql3) reported for Wilms tumor (Slater and 
Mannens, 1992). 

Chromosome regions that were found to be lost in a smaller 
subset of Wilms tumors (2 to 3 cases out of 46) included 4q, 7p 
and 17p. In two cases (4%) the long arm of chromosome 4 was 
lost (WT79 and WT93; Fig. 3). Genetic changes in this chromo
some have not previously been associated with sporadic Wilms 
tumor. In the case of WT79, chromosome 4q was also found to 
be lost in the nephroblastomatosis, suggesting that this region 
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Fig. 1. Overall results of CGH analysis of 46 
Wilms tumors. Gains are indicated by vertical 
bars on the right side of the chromosomes. Losses 
are indicated by vertical bars on the left side of the 
chromosomes. Thick black bars represent losses 
that were confirmed by LOH analysis. Thin black 
bars represent losses that were not found by LOH 
analysis. Grey bars indicate losses in DNA sam
ples that were not informative by LOH analysis. 

lil 

0.5 1.0 1.5 

4 n=8 

WT93 

5 1.0 1.5 

x4ft 
0.5 1.0 1.5 

M 

11-10 

WT79 
4 11=13 

WT79nbl 

WT45 WT50 WT53WT59metWT71 WT77 WT79 

. n.i. 

• + n.i. + n.i. D.I. 

+ n.i. 

+ + 
ï l. i n.i. 
n . i n.i. + 
n.i 

+ 
n.i. 

UOJL n.i. 

n.i. n.i. + 
+ • + 

• + + + 
• + + 

+ + 

- + n.i. + 

# + V 

• + + + 
+i n.i n. i 

+ n.i + + 
+j n.i +. + n.i n j _ • 

Fig. 2. Results of LOH analysis of Wilms tumors with 16 chromosome 1 
markers. Markers are shown from telomere to centromere in the most proba
ble order. "+" indicates LOH, "-" indicates retention of heterozygosity, 
"n.i." indicates non-informative markers. 

0.5 1.0 1.5 0.5 1.0 1.5 

Vi 

8 n>14 

WT20 WT60 

0.5 1.0 1.5 

Q 1 "** 
H / y 
M w ™} •w 
IE n- 15 

WT75 
Fig. 3. Examples of obtained CGH ratio profiles with 95 % confidence 

intervals. Ratio's are indicated above the vertical lines. Shown here are losses 
of chromosome 4q in WT93, WT79 and WT79nbl, gain of chromosome 8 in 
WT20, gain of chromosome 12q in WT60 and loss of chromosome 16q in 
WT75. 
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Fig. 4. CGH analysis of WT77. Left: Probe image of CGH on a normal 46XY metaphase. Chromosomes 7 and 12 are indicated by arrows. Right: 
Slide average of the FITC to TRITC ratio with 95 % confidence intervals on the separate chromosomes. Ratio's are indicated above the vertical lines. 
This tumor shows loss of chromosome 7p and gains of chromosomes 7q and 12. Gain of the X-chromosome and loss of the Y-chromosome are due to 
the sex difference between tumor and normal DNA. 

M IB n loss 

gain 

DAPI TRITC/FITC CGH ratio 

< 

CGH profile 

Fig. 5. Results of CGH analysis of WT59met showing an interstitial dele
tion of lp and gain of 1 q. Shown are the inverted DAPI staining of 2 chromo
somes 1 from one cell (left), the probe image (TRITC/FITC) of the same 
chromosomes (middle) and the CGH ratio which shows regions of loss (red) 
and gain (green) of tumor DNA superimposed on the inverted DAPI staining 
(right). The CGH profile at the bottom shows the cell average of the tumor to 
normal DNA ratio on chromosome I. 

may harbor (a) gene(s) involved in the early stages of tumor 
development. For all 3 DNA samples loss of 4q was confirmed 
by molecular analysis. In addition chromosome 7p was deleted 
in two cases (Fig. 4) and chromosome 17p was deleted in three 
tumors. Both these chromosome regions have already been 
described in the literature to be involved in Wilms tumor (Slat
er and Mannens, 1992; Rivera, 1995). 

Extra copies of chromosomes or chromosome pieces were 
also found in our investigated tumors and these correlated well 
with data described in the literature. These gains most fre
quently involved chromosomes lq, 7q and 12q. Twenty per
cent of the tumors contained at least one extra copy of chromo
some lq. Gain of 7q was found in 9%. Extra 12q material was 
identified in 17%. Additional chromosomes or chromosome 
regions showing gains in 2 to 3 cases included chromosomes 8 
(7%), lOq (4%), 17q (7%) and 18 (7%). In addition our data 
did not reveal the presence of amplified DNA segments in 
Wilms tumor. This was to be expected since the occurrence of 
amplification is a rare event in Wilms tumor. 

lpLOH 
The LOH studies on chromosome 1 in our series of Wilms 

tumors revealed interesting data (Fig. 2). We identified 2 SROs 
on the short arm of this chromosome: For tumors WT50, 
WT53, WT71, WT77 and WT79 the SRO is located between 
marker D1S96 (located at Ip36.2->p36.1) and the centromere. 
WT45 showed two regions for LOH, one distal to D1S470 in 
region lpter-»p34.2, and the other more proximal in band(s) 
(Ip32->)p22. This may be a coincidental event. However, it is 
also possible that there are two Wilms tumor loci on chromo
some lp. The SROs for these loci are between D1S96 and 
D1S470, and between D1S57 and the centromere. 

In the liver metastasis (WT59met) of tumor WT59, LOH 
was limited to markers D1S15, D1S21 and D1S2, correspond
ing to the proximal region of LOH as found in WT45. This 
interstitial deletion was also detected by CGH (Fig. 5). The pri
mary tumor retained heterozygosity at these loci, indicating 
that this region might be involved in metastasis. 

All seven tumors with LOH of 1 p were also analyzed for loss 
of lq. By Southern analysis (using probe MUC1) we deter
mined that tumors WT45, WT59met and WT79 have retained 
both copies of the long arm of chromosome 1. In addition 

300 Cytogenet Cell Genet 77:296-303 (1997) 

63 



tumors WT71 and WT79 were shown by CGH analysis to con
tain two copies of lq. Therefore, LOH on chromosome 1 is lim
ited to the p arm. 

Nephroblastomatosis 
Six patients were studied for losses and gains of DNA in 

both NBL and WT tissues. This enabled us to investigate the 
genetic mechanisms involved in the malignant transformation 
from NBL to WT. In the patients with tumors WT64 and 
WT81 LOH of 1 lp was found in the tumor DNA whereas the 
NBL contained both copies of the markers tested. The patient 
with tumor WT60 also showed no abnormalities in the NBL. 
Whereas in the tumor extra copies of chromosomes and chro
mosome arms were found (Table 1). In the remaining three 
cases (WTs 67, 77 and 79) genetic aberrations were identified 
in both NBL and tumor tissues. However, the aberrations 
found in the NBL were never completely identical to those 
found in the tumor: WT67 showed gains of chromosomes lq, 
7q, lOq and 12 whereas the NBL adjacent to the tumor (NBLb) 
only showed gains of chromosomes 7 and 12. The loss of 16q 
detected by CGH could not yet be confirmed by molecular 
analysis (Table 1 ). The NBL also associated with this tumor but 
located at some distance from it (NBLc) showed in addition to 
extra chromosomes 7 and 12 also a gain of chromosome lq. 
WT77 showed both in tumor and NBL loss of chromosome 7p 
and gains of 7q and 12. Loss of 1 p (as found by Southern analy
sis only), was present exclusively in the tumor. The NBL and 
tumor of WT79 both showed loss of lp, gain of lq and loss of 
4q (Fig. 3). Losses of 9p and 16q were only found in the tumor 
and loss of chromosome 11 only in the NBL. It should be noted 
however that LOH of l i p 13 was found in both NBL and 
tumor, suggesting that duplication of the remaining homologue 
occurred during the progression from NBL to Wilms tumor. 

Since these experiments showed similarities of the genetic 
aberrations in associated NBL and WT tissues in three patients, 
this is a strong indication that Wilms tumor may indeed evolve 
from nephrogenic rests. 

Significance of type of genetic losses and gains in Wilms 
tumor 
It would be interesting to know whether in Wilms tumor 

there is a correlation between the type of genetic loss or gain 
and the histology or stage of the tumor. This information might 
be important for diagnostic purposes and treatment protocols. 
However, in our study we did not find a correlation between 
the genetic constitution and tumor stage or histology. Two of 
the four patients with an unfavorable survival did show LOH of 
lp in the tumor DNA (Table 1). These data do suggest a poorer 
prognosis for patients with lp LOH. The data of Grundy et al. 
(1994) also indicate an unfavorable survival for patients having 
tumors with LOH of lp. They analyzed Wilms tumors of 175 
patients for LOH of lp. In 21 cases loss of lp was found. 
Patients with LOH of lp did show relapse and mortality rates 
three times higher than those for patients without LOH for 
chromosome lp. They also could not find an association 
between LOH of either lp, 1 lp, or 16q and stage or histology of 
the tumors. 

Discussion 

This study presents the first data on CGH analysis of spo
radic Wilms tumors. Overall we have shown that the results 
obtained by CGH analysis correlate well with results obtained 
by conventional molecular and cytogenetic studies. In concor
dance with those studies we found losses of chromosomes lp, 
7p, l ip , 16qand 17pandgainsof lq, 7q,8, IOq, 12qand 18.In 
general we detected more cases with LOH of certain chromo
some regions using molecular analysis than cases with deletions 
by CGH. In Wilms tumor this is mainly caused by the occur
rence of mitotic recombination resulting in isodisomic chromo
some regions, which has been reported in the literature (Dao et 
al., 1987; Mannens et al., 1988; Wadey et al., 1990). Since in 
these cases there is no net loss of DNA, the CGH profile will be 
normal. 

A markedly high percentage of cases were found without 
any detectable chromosome aberrations (27 WTs and 2 NBLs); 
Seven of these tumors showed LOH. This suggests that estab
lished Wilms tumors do not necessarily contain gross cytogen
etic imbalances and that the apparently normal karyotypes 
described for some WTs can be truly representative of tumor 
tissue. 

Using our modified CGH protocol we were able to detect 
interstitial deletions such as del(lp3I) in WT59met and 
del(l Ipl4->pl3) in WT65. There was no evidence for the pres
ence of amplified DNA segments in this series of Wilms 
tumors. 

Our series of tumors were examined for the presence of a 
correlation between the type of genetic aberration and the his
tology or stage of the tumor. Of the 46 tumors studied by CGH, 
19 showed one or more genetic aberrations and 27 displayed 
normal CGH profiles. We did not find any association between 
the genetic constitution of these tumors and their histology or 
grade. A study performed by Grundy et al. ( 1994) implicated an 
increased relapse rate for WT patients with LOH of lp or 16q. 
In agreement with those findings we detected lp LOH in the 
tumors of 2 of the 4 patients with an unfavorable survival 
(WT53andWT59met). 

The analysis of premalignant NBL tissue and the corre
sponding tumor tissue enabled us to make a distinction be
tween early and late events in Wilms tumorigenesis. This infor
mation could provide us with more insight into the biology of 
Wilms tumor. Several genetic changes were found to be both 
early and late events, since in some cases they appeared already 
in the NBL tissue whereas in other cases they were only 
detected in the tumor tissue. These changes included loss of lp 
(patients WT77 and WT79), loss of 11 p (patients WT64, WT79 
and WT81), loss of 16q (patients WT67 and WT79), gain of lq 
(patients WT60, WT67 and WT79), and gain of 12q (patients 
WT60, WT67 and WT77). Deletions of 4q and 7p (as seen in 
patients WT 79 and WT77 respectively) and gain of 7q (as seen 
in patients WT67 and WT77) may represent early events in 
tumorigenesis since they were found in both the NBL tissue 
and the tumor tissue of these patients. The possibility that these 
genetic changes may also occur as late events can not be 
excluded. However, constitutional abnormalities involving 7p 
have been described in patients with Wilms tumor. These find-
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ings together suggest that genes on this region of chromosome 7 
play an important role in the early development of the tumor 
(Hewitt et al., 1991, Wilmore et al., 1994). In patient WT77 
both tumor and NBL showed loss of 7p and gain of 7q, there
fore the formation of an isochromosome 7q may have been the 
"cause" for deletion of the short arm of chromosome 7 in this 
case. Genetic aberrations that did not occur in any of the NBL 
tissues tested, but only in the associated tumors included loss of 
9p (WT79), gains of chromosomes 8 and 18 (WT60), and gain 
of lOq (WT67). This indicates that these changes represent late 
events in Wilms tumorigenesis. 

An interesting case among our series of tumors is WT79. 
Both the tumor and the NBL show LOH of 11 pi3 markers. 
Markers HBBC and HRAS, which are located on llpl5.5-> 
pi5.4, were retained in both tissues. The CGH data however, 
show a loss of chromosome 11 in the NBL only and not in the 
tumor. (Since the detection of losses and gains of the telomeric 
ends of chromosomes by CGH is a common problem we can 
not be conclusive about either the retention or the loss of 
1 lpl5.5 material only by using this technique.) These data 
indicate a duplication of chromosome 11 in the transition from 
premalignant to malignant tissue. It is known that chromosome 
1 lp harbors several imprinted genes, e.g. IGF2 and H19. Loss 

of the chromosome carrying an imprinted gene followed by 
duplication of the remaining chromosome carrying the active 
copy of this gene may result in overexpression and thereby con
tribute to tumor development. Obviously IGF2 is a candidate 
gene since it is subject to imprinting (Giannoukakis et al., 1993; 
Ogawa et al., 1993; Rainier et al., 1993) and it has been 
reported in the literature to be overexpressed in Wilms tumors 
(Reeve et al., 1985; Scott et al., 1985; Haselbacher et al., 1987; 
Irminger et al., 1989; Paik et al., 1989). 

Our data on LOH of lp in WTs revealed the location of a 
possible tumor suppressor gene distal to D1S470 and proximal 
to D1S96. Additional proof for the presence of a tumor sup
pressor gene in this region comes from the location of a translo
cation breakpoint in the same region found in cells from a 
Wilms tumor which we are currently studying (Slater et al., 
1985). A second locus, most likely only involved in the process 
of metastasizing, was identified on lp proximal to D1S57. 

Taken together, our results show that CGH as performed at 
our laboratory has proven to be a reliable routine technique to 
screen solid tumors for the presence of quantitative DNA aber
rations. Therefore we are currently analyzing a series of hepato
blastomas using the same technique. 
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ABSTRACT 

In this study we applied the technique of comparative genomic 
hybridization (CGH) to a series of 16 hepatoblastomas. Our goals were (1) to 
identify all quantitative chromosome abnormalities which appear in this type of 
tumor and (2) to compare the results with data from similar studies on tumors 
also associated with the Beckwith Wiedemann syndrome (BWS). We found by 
CGH analysis that the most commonly detected (>30%) chromosome 
abnormalities were gains of chromosomes 1, 2, 7, 8 and 17. Losses of 
chromosomes were found in only a few cases. When comparing our results with 
those from studies on the BWS-associated tumors Wilms tumor and 
rhabdomyosarcoma it became clear that three chromosome regions - 7q, 8q and 
17q - were most commonly involved in all three types of tumors. Therefore 
these regions may harbor genes that play a role in the etiology of BWS-
associated tumors in general. 

INTRODUCTION 

Although hepatoblastoma is a rare tumor with an incidence of about 1 
case per million children, it is the most common malignant pediatric liver tumor 
(Mann et al. 1990). Most cases are sporadic, but hepatoblastoma is also 
associated with the Beckwith-Wiedemann syndrome (BWS). BWS has been 
genetically linked to chromosome band 1 lpl5.5 (Koufos et al. 1989, Ping et al. 
1989). Molecular studies on sporadic hepatoblastomas have shown loss of 
heterozygosity (LOH) at llpl5.5 (Koufos et al. 1985, Kiechle-Schwarz et al. 
1989, Byrne et al. 1993, Albrecht et al. 1994). These data suggest the presence 
of (a) tumor suppressor gene(s) at this location. In the study by Albrecht et al. 
(1994) it was shown that loss of chromosome 11 alleles was exclusively of 
maternal origin. Therefore they suggested that genomic imprinting might play a 
role in the oncogenesis of hepatoblastoma. Preferential loss of maternal alleles 
on chromosome 11 had also been found for Wilms tumor (Reeve et al. 1984, 
Schroeder et al. 1987, Mannens et al. 1988) and rhabdomyosarcoma (Scrable et 
al. 1989), both BWS-associated tumors. In these tumors aberrant imprinting 
was identified. The imprinted gene IGF2 (located on 1 lpl5.5) was shown to be 
bi-allelically expressed in a percentage of the Wilms tumors (Rainier et al. 
1993, Ogawa et al. 1993) and the rhabdomyosarcomas (Zhan et al. 1994). This 
loss of imprinting (LOI) of IGF2 has now also been found in hepatoblastomas 
(Rainier et al. 1995, Li et al. 1995). 
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Another disease associated with hepatoblastoma is familial adenomatous 
polyposis coli (FAP). FAP is caused by genetic alterations of the adenomatous 
polyposis coli (APC) gene on chromosome 5q21 (Nishisho et al. 1991, Groden 
et al. 1991). Analysis of this gene in sporadic hepatoblastomas identified 
modifications in 69% of the cases (Oda et al. 1996). Mutations in p53 were also 
found (Kar et al. 1993, Oda et al .1995). Furthermore, in a study of 32 
hepatoblastomas 34% showed LOH of part of chromosome 1 (Kraus et al. 
1996). Cytogenetically the most commonly identified abnormalities are extra 
copies of chromosomes 2 and 20. 

In this study we present the first results of a comparative genomic 
hybridization (CGH) analysis of hepatoblastomas. In contrast to conventional 
molecular techniques, CGH analysis enables us to screen the entire genome for 
genetic losses and gains. Furthermore this technique analyzes all tumorcells as 
opposed to only the proliferating cells in conventional cytogenetic analysis. In 
order to obtain an overview of genetic changes appearing in hepatoblastoma 
CGH analysis is an important tool. We screened a series of 16 tumors for 
chromosome losses and gains and compared our results with data from the 
literature. Specifically, to look for additional common genetic aberrations in the 
BWS-associated tumors hepatoblastoma, Wilms tumor and rhabdomyosarcoma, 
we compared our results from this study with results obtained from similar 
analyses of Wilms tumors and rhabdomyosarcomas. 

MATERIALS & METHODS 

Tissue 
Tissues were obtained before or after chemotherapeutic treatment (table 

I). DNA was isolated according to standard procedures. 

CGH 
CGH was performed as described by de Meulemeester et al. (1996): A 

mixture of 150 ng of biotin-labeled tumor DNA, 150 ng of digoxigenin-labeled 
normal DNA and 10 ^g Cot-I DNA was applied to a normal metaphase spread. 
Subsequently the chromosomes and the DNA mixture were denatured 
simultaneously using a microwave. Hybridization was carried out for 2 days 
and hybridization was detected using FITC-conjugated avidin and TRITC-
conjugated sheep-anti-digoxigenin antibody. Chromosomes were 
counterstained with DAPI. 
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Digital image analysis 
Digital image analysis was carried out using the CGH software developed 

by Applied Imaging. For detection of losses and gains ratio-thresholds were set 
at 0.9 and 1.1 respectively. In addition, the 95% confidence intervals were 
required to be greater or less than 1.0. Centromeric regions were excluded from 
analysis. 

RESULTS & DISCUSSION 

In our series of 16 hepatoblastomas the most commonly found (>30%) 
chromosome abnormalities are gains of chromosomes lp (56%), lq (63%), 2q 
(75%), 7q (38%), 8q (31%) and 17q (31%) (fig. 1, table 1). 
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Figure l:Overall results of CGH analysis of 16 hepatoblastomas. Gains are 

indicated by vertical bars on the right side of the chromosomes. Losses are 

indicated by vertical bars on the left side of the chromosomes. 

Other abnormal CGH profiles indicating gains were found for 
chromosomes 3, 5q, 20, Y (25%), chromosome 10 (19%), chromosomes 4, 6, 9, 
11, 12, 13, 19 (13%) and chromosomes 15, 16, 18, 22 (6%) (examples figures 2 
and 3). Loss of chromosome regions was only found in a minority of the cases. 
These losses included chromosomes 10, 15, 19, 20 (6%) and the X chromosome 
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Table 1: Summary of the results obtained with CGH analysis of 16 
hepatoblastoma samples. 
Tumor CGH results stage obtained before or 

after 
chemotherapeutic 

treatment 

age at 
diagnosis 
(months) 

Tc +(lp34^-p33) 
+lp31 
+lq 
+(2qter-^-q21) 
+7q31 
+(Hpl4->pl3) 
+(13q31^q21) 
+16 

Tr +lp31 
+lq 
+(2p21->pl4) 
+(2qter->q21) 
+(7q32->q21) 
+(9pl3->pll) 
+9q22 

PHI +lq 
+2 
+8 
+9q 
+19 

III before 57 

PH6 +2q 
+(8q22->q21) 
+(10pl2-»pll) 
+(10q21->qll) 
+(20pll->ql2) 
+Yq 

III before 31 

PH8 +17 
+Yq 

III before 41 

PH32 +(lp35->p32) 
+lq 
+(3p21->ql3) 
+5ql3 
+(7qter->pl5) 
+(8q23->qll) 
+(10pll->q25) 

before 
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Table 1: continued 
Tumor CGH results stage obtained before or age at 

after diagnosis 
chemotherapeutic (months) 

treatment 
PH33 +1 

+2 
+3pl4 
+(3q25->qll) 
+(4pter->q31) 
+5ql3 
+5q21 
+6q22 
+(8q22-»q21) 

III before 28 

PH38 +(lpter-»q32) 
+(2q23-»q22) 
+(4q21-»q23) 
+(llq22->qll) 

before 9 

PH40 +(lpter-»p21) 
+2q 

before 12 

T5.1 +(lp34-»p32) 
+lq 
+2 
+3p21 
+(7pl5-»q22) 
+(10q23->q22) 
-15q26 
+(17q23->q21) 
+19 
+22q 

after 8 years 

T9.1 +(2qter-»p22) 
+(5ql5->qll) 
+17 
+(18q21->qll) 
+20 
+Yq 

after 12-16 

TlO.l +1 
+(2pl6->q23) 
+6ql6 
+(7pl4-K[31) 
+(8p21->q23) 
+12q 
+(13q21->qll) 
+(15q24->qll) 
+(17q22-»qll) 
+(20pll->-ql3) 
-(Xqter-»q24) 
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Table 1 : continued 
Tumor CGH results stage obtained before or 

after 
chemotherapeutic 

treatment 

age at 
diagnosis 
(months) 

TILI normal 
UT Hep9 +(lp36->q31) 

+(2qter->p22) 
+(3pl4->pl2) 
+5ql5 
+(7pl3->q22) 
-(10pter->pl3) 
-(10qter->q24) 
+(12q21-»ql4) 
-(Xqter->q26) 

II before 20 

UT Hep 10 -19 
-20q 
-X 

before 2 

UT Hep 17 +lq 
+(2pter->q31) 
+(17q24->ql2) 
+20 

before 29 

+Y 

Note: Staging was defined according to the American system (Wheatley et al. 1993, Pazdur et 

al. 1993). 

(19%). Chromosome regions known to be involved in hepatoblastoma - 5q21 
(Oda et al. 1996) and llpl5.5 (Koufos et al. 1985, Kiechle-Schwarz et al. 1989, 
Byrne et al. 1993, Albrecht et al. 1994) - were not lost in our series of tumors. 
For chromosome 1 lpl5.5 this is easily explained by the fact that this region is 
subject to genomic imprinting. Therefore tumors in which LOH of 1 lpl5.5 has 
been found by conventional molecular techniques most likely have become 
isodisomic for this chromosome region. These tumors contain two identical 
chromosome 11 and will show normal CGH profiles. Alternatively the size of 
the deletion of l ip 15.5 may have been less than 12 Mb and therefore 
undetectable by CGH (de Meulemeester et al. 1996). This latter explanation 
may also apply to the situation on chromosome 5q21. Since this chromosome 
region is not known to be subject to genomic imprinting, the occurrence of 
uniparental disomy is not a likely explanation for the lack of identification of 
losses of 5q21 by CGH. No deletions were found by CGH. In one tumor (PH33) 
the region of the APC gene was found to be duplicated. It is possible that this 
duplication is the result of an unbalanced translocation affecting the APC gene. 
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In contrast to cytogenetic data from the literature, in which trisomy 20 is 
found in a majority of the cases (Ding et al. 1994 and references therein), in this 
study gain of chromosome 20 was found in only 4 cases (example fig. 2). A 
possible explanation for this discordance between our study and data from the 
literature is that gain of chromosome 20 is an advantage for hepatoblastoma 
cells to be cultured in vitro in order to be karyotyped. The material for our study 
did not come from cultured cells but directly from resected tumors. Therefore 
our material forms a more realistic representation of the cell population of 
hepatoblastomas, underlining the importance of CGH. Another possible 
explanation is that hepatoblastomas contain relatively large numbers of normal 
cells (Ishak and Glunz 1967, Oda et al. 1995, Oda et al. 1996). As a 
consequence of this the CGH profiles will be less pronounced. Taking into 
consideration that the centromeric and telomeric regions of CGH profiles are 
often too difficult to be interpreted this might cause the biggest problems while 
analyzing the smaller chromosomes 

When considering the chromosome gains most often found in this study it 
is interesting to make a comparison with the CGH analysis of two other BWS 
associated tumors, namely Wilms tumor and rhabdomyosarcoma. In the CGH 
analysis of Wilms tumors gains of chromosomes lq, 7q, 8(q) and 17q were also 
among those most commonly found (Steenman et al. 1997). In the CGH 
analysis of rhabdomyosarcomas gains of chromosomes 2, 7, 8 and 17 were 
among those most commonly found (Weber-hall et al. 1996). When comparing 
hepatoblastoma, Wilms tumor and rhabdomyosarcoma three chromosome 
regions are duplicated in a high percentage in all CGH studies. These regions 
are 7q, 8q and 17q. Therefore besides LOH of chromosome l i p and LOI of 
IGF2, duplication of genes on chromosomes 7q, 8q and 17q may be a common 
mechanism in the etiology of Wilms tumor, rhabdomyosarcoma and 
hepatoblastoma. Duplication of these chromosome arms may cause 
overexpression of oncogenes. Examples of oncogenes located on these 
chromosomes are: The Met proto-oncogene at 7q31 (Dean et al. 1985), C-MYC 
at 8q24 (Neel et al. 1982) and TRE17 at 17q (Nakamura et al. 1992). In our 
study we also see a clustering of aberrations of (part of) chromosome lp (fig. 
1). Except for tumor Tr these aberrations all involve gain of region Ip33-^p32. 
This region was found to be amplified in a rhabdomyosarcoma (Steilen-Gimbel 
et al. 1996). This indicates an additional similarity between rhabdomyosarcoma 
and hepatoblastoma. 

Another interesting finding is the fact that only one tumor did not show 
any chromosome aberration by CGH analysis. Of all other tumors at least two 
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chromosomes showed abnormal CGH profiles. Hepatoblastoma thus appears to 
be a chromosomally instable tumor. 

Furthermore we analyzed the age at diagnosis in correlation to the genetic 
aberrations found but we were unable to detect a clear relationship between 
these two parameters (table 1). Unfortunately we did not have enough 
information about the stages of the tumors to be able to correlate this 
information with the CGH results. 

Finally, in this series of hepatoblastomas (at least) two samples were 
obtained after chemotherapeutic treatment (T5.1 and T9.1, table 1). When 
comparing the CGH results of these tumors with those that were obtained 
before chemotherapeutic treatment (table 1) there are some differences: Loss of 
15q and gains of 18q and 22q were found only in tumors that were treated by 
chemotherapy. Therefore these chromosome aberrations may have been induced 
by the treatment and may have no involvement in the etiology of 
hepatoblastoma. 

79 



REFERENCES 

Albrecht S, von Schweinitz D, Waha A, Kraus J, von Deimling A, Pietsch T: 
Loss of maternal alleles on chromosome arm 1 lp in hepatoblastoma. Cancer 
Res 54:5041-5044 (1994). 

Byrne J, Simms L, Little M, Algar E, Smith P: Three non-overlapping regions 
of chromosome arm 1 lp allele loss identified in infantile tumors of adrenal and 
liver. Genes Chromosom Cancer 8:104-111 (1993). 

Dean M, Park M, Le Beau M, Robins T, Diaz M, Rowley J, Blair D, Van de 
Woude G: The human met oncogene is related to the tyrosine kinase oncogenes. 
Nature 318:318-322 (1985). 

Ding S, Michail N, Habib N: Genetic changes in hepatoblastoma. J Hepatology 
20:672-675 (1994). 

Groden J, Thliveris A, Samowitz W, Carison M, Gelbert L, Albertsen H, Joslyn 
G, Stevens J, Spirio L, Robertson M, Sargeant L, Krapcho K, Wolff E, Burt R, 
Hughes J, Warrington J, McPherson J, Wasmuth J, Paslier D, Abderrahim H, 
Cohen D, Leppert M, White R: Identification and characterization of the 
familial adenomatous polyposis coli gene. Cell 66:589-600 (1991). 

Ishak K and Glunz P: Hepatoblastoma and hepatocarcinoma in infancy and 
childhood. Cancer 20:396-422 (1967). 

Kar S, Jaffe R, Carr B: Mutation at codon 249 of the p53 gene in a human 
hepatoblastoma. Hepatology 18:566-569 (1993). 

Kiechle-Schwarz M, Scherer G, Kovacs G: Cytogenetic and molecular studies 
on six sporadic hepatoblastomas. Cancer Genet Cytogenet 41:286 (1989). 

80 



Koufos A, Hansen M, Copeland N, Jenkins N, Lampkins B, Cavenee W: Loss 
of heterozygosity in three embryonal tumours suggests a common pathogenetic 
mechanism. Nature 316:330-334 (1985). 

Koufos A, Grundy P, Morgan K, Aleck K, Hadro T, Lampkin B, Cavenee W: 
Familial Wiedemann-Beckwith syndrome and a second Wilms' tumor locus 
both map to 1 lpl5.5. Am J Hum Genet 44:711-719 (1989). 

Kraus J, Albrecht S, Wiestler O, von Schweinitz D, Pietsch T: Loss of 
heterozygosity on chromosome 1 in human hepatoblastoma. Int J Cancer 
67:467-471 (1996). 

Li X, Adam G, Cui H, Sandstedt B, Ohlsson R, Ekström T: Expression, 
promoter usage and parental imprinting status of insulin-like growth factor II 
(IGF2) in human hepatoblastoma: uncoupling of IGF2 and HI9 imprinting. 
Oncogene 11:221-229(1995). 

Mann J, Kasthuri N, Raafat F, Pincott J, Parkes S, Muir K, Ingram L, Cameron 
A: Malignant hepatic tumours in children: incidence, clinical features and 
aetiology. Paediatr & Perinatal Epidemiology 4(3):276-289 (1990). 

Mannens M, Slater R, Heyting C, Bliek J, de Kraker J, Coad N, de Pagter-
Holthuizen P, Pearson P: Molecular nature of genetic changes resulting in loss 
of heterozygosity of chromosome 11 in Wilms' tumours. Hum Genet 81:41-48 
(1988). 

De Meulemeester M, Vink A, Jakobs M, Hermsen M, Steenman M, Slater R, 
Dietrich A, Mannens M: The application of microwave denaturation in 
comparative genomic hybridization. Genet Anal: Biomol Engineering 13:129-
133 (1996). 

81 



Nakamura T, Hillova J, Mariage-Samson R, Onno M, Huebner K, Cannizzaro 
L, Boghosian-Sell L, Croce C, Hill M: A novel transcription unit of the tre 
oncogene widely expressed in human cancer cells. Oncogene 7(4):733-741 
(1992). 

Neel B, Jhanwar S, Chaganti R, Hayward W: Two human c-onc genes are 
located on the long arm of chromosome 8. Proc Natl Acad Sei USA 
79(24):7842-7846 (1982). 

Nishisho I, Nakamura Y, Miyoshi Y, Miki Y, Ando H, Horii A, Koyama K, 
Utsunomiya J, Baba S, Hedge P, Markham A, Krush A, Petersen G, Hamilton S, 
Nilbert M, Levy D, Bryan T, Preisinger A, Smith K, Su L, Kinzier K, 
Vogelstein B: Mutations of chromosome 5q21 genes in FAP and colorectal 
cancer patients. Science 253:665-669 (1991). 

Oda H, Nakatsuru Y, Imai Y, Sugimura H, Ishikawa T: A mutational hotspot in 
the p53 gene is associated with hepatoblastomas. Int J Cancer 60:786-790 
(1995). 

Oda H, Imai Y, Nakatsuru Y, Hata J, Ishikawa T: Somatic mutations of the 
APC gene in sporadic hepatoblastomas. Cancer Res 56:3320-3323 (1996). 

Ogawa O, Eccles M, Szeto J, McNoe L, Yun K, Maw M, Smith P, Reeve A: 
Relaxation of insulin-like growth factor II gene imprinting implicated in Wilms 
tumor. Nature 362:749-751 (1993). 

Pazdur R, Bready B, Cangir A: Pediatric hepatic tumors: clinical trials 
conducted in the United States. J Surg Oncol 3 Suppl:127-130 (1993). 

82 



Ping A, Reeve A, Law D, Young M, Boehnke M, Feinberg A: Genetic linkage 
of Beckwith-Wiedemann syndrome to llpl5. Am J Hum Genet 44:720-723 
(1989). 

Rainier S, Johnson L, Dobry C, Ping A, Grundy P, Feinberg A: Relaxation of 
imprinted genes in human cancer. Nature 362:747-749 (1993). 

Rainier S, Dobry C, Feinberg A: Loss of imprinting in hepatoblastoma. Cancer 
Res 55:1836-1838 (1995). 

Reeve A, Housiaux P, Gardner R, Chewings W, Grindley R, Millow L: Loss of 
a Harvey ras allele in sporadic Wilms' tumour. Nature 309:174-176 (1984). 

Schroeder W, Chao L, Dao D, Strong L, Pathak S, Riccardi V, Lewis W, 
Saunders G: Nonrandom loss of maternal chromosome 11 alleles in Wilms' 
tumors. Am J Hum Genet 40:413-420 (1987). 

Scrable H, Cavenee W, Ghavimi F, Lovell M, Morgan K, Sapienza C: A model 
for embryonal rhabdomyosarcoma tumorigenesis that involves genome 
imprinting. Proc Natl Acad Sei USA 86:7480-7484 (1989). 

Steenman M, Redeker B, de Meulemeester M, Wiesmeijer K, Voûte P, 
Westerveld A, Slater R, Mannens M: Comparative genomic hybridization 
analysis of Wilms tumors. Cytogenet Cell Genet 77:296-303 (1997). 

Steilen-Gimbel H, Remberger K, Graf N, Steudel W, Zang K, Henn W: A novel 
site of DNA amplification on chromosome lp32-33 in a rhabdomyosarcoma 
revealed by comparative genomic hybridization. Hum Genet 97:87-90 (1996). 

83 



Weber-hall S, Anderson J, Mcmanus A, Abe S, Nojima T, Pinkerton R, 
Pritchardjones K, Shipley J: Gains, losses and amplification of genomic 
material in rhabdomyosarcoma analyzed by comparative genomic 
hybridization. Cancer Res 56(14):3220-3224 (1996). 

Wheatley J and LaQuaglia M: Management of hepatic epithelial malignancy in 
childhood and adolescence. Semin Surg Oncol 9:532-540 (1993). 

Zhan S, Shapiro D, Helman L: Activation of an imprinted allele of the insulin
like growth factor II gene implicated in rhabdomyosarcoma. J Clin Invest 
94:445.448 (1994). 

84 



WW 't : 

; 

CHAPTERS 

i l ! 
Sil 





DELINEATION AND PHYSICAL SEPARATION OF NOVEL 
TRANSLOCATION BREAKPOINTS ON CHROMOSOME lp IN TWO 

GENETICALLY CLOSELY ASSOCIATED CHILDHOOD TUMORS 

M.J.C. Steenman1'2, N.Zijlstra1, D.L. Kruitbosch', C. Wiesmeijer1, L. Larizza3, 
P.A. Voûte4, A. Westerveld2, M.M.A.M. Mannens1 

Departments of'Clinical Genetics, 2Human Genetics and Pediatric Oncology, 
University of Amsterdam, Academic Medical Center, Meibergdreef 15, 1105 

AZ Amsterdam, The Netherlands, department of Biology and Genetics, 
Faculty of Medicine, University of Milan, Italy. 

Acknowledgements 
Supported by The Netherlands Cancer Foundation (KWF) grant number UVA 

94-470 and Stichting Kindergeneeskundig Kankeronderzoek grant number SKK 
98.07 

Submitted for publication 





ABSTRACT 

Childhood tumors associated with the Beckwith-Wiedemann syndrome 
(BWS) all show abnormalities of the same region on chromosome 11 when 
occurring sporadically. In addition to chromosome 11 there are other 
chromosome regions which are affected in some of these tumor types. In this 
study we analyzed the region on chromosome lp which is involved in the 
etiology of the BWS-associated tumors Wilms tumor, rhabdomyosarcoma and 
hepatoblastoma. For this purpose we determined the location of two novel 
translocation breakpoints in this chromosome region in cells from a Wilms 
tumor and cells from a rhabdomyosarcoma. We constructed a map of the region 
and found that both breakpoints are separated by at least 875 kb. We did 
identify a PAC clone which crosses the rhabdomyosarcoma breakpoint and 
found several exons within this clone. We established that this breakpoint is 
located proximal to the PAX7 gene and therefore identified a new region 
involved in the etiology of rhabdomyosarcomas. 

INTRODUCTION 

The combined occurrence of a specific subset of childhood tumors 
suggests that the etiology of these tumors involves a common genetic pathway. 
This may aid in the identification of genes involved. A well known example of 
this situation is the Beckwith-Wiedemann syndrome (BWS). This syndrome, 
first described in 1963 (Beckwith, 1963) is characterized by several features, 
the most striking of which is overgrowth of (part of) the body. In addition, BWS 
patients have an increased risk for the development of specific childhood 
tumors (Wiedemann, 1983). These tumors are Wilms tumor (WT), 
adrenocortical carcinoma (ACC), rhabdomyosarcoma (RMS) and 
hepatoblastoma (HB). The fact that the occurrence of all these tumors is 
associated with the same syndrome is a strong indication for a common genetic 
pathway involved in the etiology of these tumors. Genetic analyses of BWS 
patients have shown linkage of the disease to chromosome 1 lpl5 (Koufos et al., 
1989; Ping et al., 1989). This chromosome region was also affected by 
translocation breakpoints or duplications in a small subset of the patients 
(Slavotinek et al., 1997; Newsham et al., 1995; Mannens et al., 1994). Since 
patients affected by this syndrome are predisposed to the development of 
specific childhood tumors, it is believed that the genetic defect(s) in BWS also 
play(s) a role in the etiology of these tumors. This would then suggest that, 
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when occurring sporadically, these tumors may also show genetic aberrations of 
chromosome llplS. Indeed, all four tumor types mentioned above have been 
found to display loss of heterozygosity (LOH) of markers on 1 lpl5 (Albrecht et 
al., 1994; Byrne et al., 1993; Kiechle-Schwarz et al., 1989; Visser et al., 1997; 
Koufos et al., 1985; Gicquel et al., 1994; Yano et al., 1989; Reeve et al., 1989; 
Mannens et al., 1990; Mannens et al., 1988). Besides changes on chromosome 
l ip 15, these sporadic tumors also share abnormalities of other chromosome 
regions. For example, duplication of the long arm of chromosome 12 is found in 
WT (Steenman et al., 1997; Austruy et al., 1995), ACC (Kjellman et al., 1996) 
and RMS (Weber-Hall et al., 1996), LOH of markers on 16q is found in WT 
(Steenman et al., 1997; Austruy et al., 1995; Grundy et al., 1994; Maw et al., 
1992; Coppes et al., 1992) and RMS (Visser et al., 1997), and LOH or structural 
abnormalities involving the short arm of chromosome 1 are found in WT 
(Steenman et al, 1997; Grundy et al., 1994) RMS (Trent et al., 1985) and HB 
(Kraus et al., 1996). Molecular studies of WTs showed frequent LOH of 
chromosome region lp35-36. This was found in 12-18% of the informative 
cases (Steenman et al., 1997; Grundy et al., 1994). Structural abnormalities of 
this region have also been described (Slater et al., 1992). The same chromosome 
region is affected in RMS by deletions (Trent et al., 1985) and translocations 
(Sreekantaiah et al., 1994). In 22% of informative HBs LOH of lp36 was 
detected (Kraus et al., 1996). These similarities in affected chromosome 
regions, as seen for these three BWS associated tumors, may point to additional 
common genetic pathways in which the same genes are involved. To be able to 
identify these genes we used in our study cells from a WT and cells from a 
RMS both containing a translocation which affects chromosome region lp35-
36.1. Our goal was to determine whether both translocation breakpoints may 
disrupt the same gene and to localize the breakpoints on chromosome lp35-
36.1. 

MATERIALS & METHODS 

Tissue 
Cells from a Wilms tumor (Slater et al., 1985) and cells from an 

embryonal rhabdomyosarcoma cell line (Magnani et al., 1991) were cultured 
according to standard procedures. The WT was a primary tumor originally 
karyotyped as containing an apparent reciprocal translocation between both 
chromosomes 1: t(l;l)(p22;p34(36)). The rhabdomyosarcoma cell line analyzed 
in this study was established from a biopsy of a vesical recurrence of an 
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embryonal rhabdomyosarcoma (de Giovanni et al., 1989). The modal karyotype 
was defined as: 54,XY,-l,+der(l)(lqter->lq32::?::lq31->cen-> 
lpter),-

l,+der(l)t(l;13)(lqter-^lq32::lq31::?::lq31^cen->lp35::13q22->13qter),-
4,+der(4) 

t(l;4)(p36;pl3),del(6)(p21),+8,+del(9)(qll),del(10)(q25),del(ll)(q22.3),del(12 
)(q23),+13, 

+del(13)(q22),+marl,+mar2,+mar3,+mar4 (Magnani et al., 1991). 

Fluorescent In Situ Hybridization 
Labeling of probes with biotin or digoxigenin and fluorescent in situ 

hybridization (FISH) was performed as described previously (Hoovers et al., 
1992). 

Probes 
Probes used for FISH were obtained from several resources. Yeast 

artificial chromosomes (YACs) were obtained from the CEPH YAC library 
distributed by the YAC Screening Centre of the Leiden University in The 
Netherlands. PACs were obtained from the RPCI1 library distributed by the 
Human Genome Mapping Project Resource Centre (HGMP) in Cambridge 
(United Kingdom), from the RPCI6 library distributed by the 
RessourcenZentrum im Deutschen HumanGenomProjekt am Max Planck-
Institut für molekulare Genetik (RZPD) in Berlin (Germany), and from the 
Sanger Centre. Chromosome 1 specific cosmids were obtained from library 
L4/FS1 distributed by the RZPD. All probes are listed in Table 1. 

Library screening 
The libraries mentioned above were available as filters and were screened 

by radioactive hybridization according to standard procedures. As probes ESTs 
or STSs described in several databases were used. In addition, endclones of 
YACs, PACs and cosmids were used as probes to detect overlapping clones and 
perform chromosome walking (Table 1). 

Isolation of endclones 
Endclones of YACs were isolated using the ligation mediated PCR 

method described by Mueller and Wold (Mueller et al., 1989) and Kere et al. 
(Kere et al., 1992). Endclones of PACs and cosmids were also isolated using 
this method but different vector-specific-primers were used: For the SP6 side of 
the PACs primer CTGTTTTTGCGATCTGCCGTTTC and nested primer 
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CGACATTTAGGTGACACTATAGAAG were used. For the T7 side of the 
PACs primer CAAGGGCATCGGTCGAGCTTG and nested primer 
ACGACTCACTATAGGGAGAG were used. For the SP6 side of the cosmids 
primer GAACGCGGCTACAATTAATAC and nested primer 
ATTTAGGTGACACTATAGAA were used. For the T7 side primer of the 
cosmids TTCAAAAAAAGCCCGCTC and nested primer 
TAATACGACTCACTATAGGGAG were used. 

Exon trapping 
Exon trapping was performed according to manufacturers procedures 

using the Exon Trapping System from Life Technologies. 

PFGE 
Cells to be analyzed by pulsed field gel electrophoresis (PFGE) were 

harvested and resuspended in 0.75% low melting point agarose in a 
concentration of 1.5xl07 cells/ml. The suspension was poured into a mold 
resulting in agarose blocks of 100 ja.1 each. The blocks were incubated overnight 
in 0.5 M EDTA/1% N-laurylsarcosine/0.5 mg/ml proteinase K/pH 9.5 at 55° C 
and washed in 0.2 M EDTA twice for 1 hour. Subsequently the blocks were 
stored in 0.2 M EDTA at 4° C. For each restriction-digest Vi block was used. 
Blocks were dialyzed against 10 mM Tris/0.1 mM EDTA/pH 8 for 6 hours with 
buffer changes every hour. Blocks were pre-incubated overnight in the 
appropriate restriction-buffer. DNA was digested with 20 units of enzyme for 
several hours followed by overnight digestion after adding another 20 units of 
enzyme. Digestion was carried out in the presence of 0.2 mg/ml BSA and 0.33 
mM spermidin. The digested DNA blocks were run on 1% agarose gels in 
0.5xTBE on an LKB Pulsaphor apparatus and transferred to Hybond N+ 
membranes according to standard Southern transfer procedures. 

RESULTS 

FISH analysis of both the RMS and the WT cells showed that the 
translocation breakpoints affecting chromosome region lp35-36.1 are not 
identical. Several clones hybridized proximal to the RMS breakpoint but distal 
to the WT breakpoint (fig. 1). To determine the distance between both 
breakpoints we performed PFGE analysis using as probes several markers and 
endclones located in this region. 
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Figure 1: Map of the region on chromosome lp35-36.1 containing the breakpoints found in 

RMS cells and WT cells. Markers are indicated by closed circles, endclones are indicated by 

open circles. Arrows represent the breakpoints, (a) The upper half of the figure gives the 

position of the markers on the radiation hybrid map. The lower half of the figure shows the 

contigs (thick lines) and clones (thin lines) which we positioned within this frame of markers. 

Their position in relation to the breakpoints was determined by FISH, (b) - (h) Detailed 

description of the contigs as shown in (a). The overlap between PAC clones A200, PB50 and 

PB51 (contig 6) was based on information obtained from the Sanger Centre Database. Details 

concerning the determination of the minimum physical distance between both breakpoints are 

explained in the text. 
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WI-7250 and PB19S3 hybridized to the same NotI fragment of~200 kb; SA 190, 
WI-6306, PB12S1 and DIS 1417 all hybridized to the same NotI fragment of 
-225 kb and WI-9053 hybridized to a NotI fragment of-450 kb. None of these 
probes detected aberrant restriction fragments in the DNA from the cell lines 
containing the translocations. In conclusion, it is estimated that the region 
between the breakpoints covers at least 875 kb. 

Analysis of the region containing the WT breakpoint resulted in the 
construction of several contigs at both sides of the breakpoint (fig la.). One 
contig covers the gap between markers WI-8136 and WI-9053 (fig. lc), 
whereas another contains markers WI-6306, A008H10 and D1S1417 (fig. Id). 
The clones that appear to be closest to the breakpoint are A205, which contains 
marker DIS 168 at the proximal side of the breakpoint and the clones which 
form contig 4 containing marker WI-7250 (PB 18, PB 19, PB25, PB55, C202) at 
the distal side of the breakpoint. The distance between these two markers 
according to the radiation hybrid mapping data released by the Sanger Centre 
(release-date 11/03/98) is 0.21 centiRay (cR). D1S168 had been mapped to 
position 93.94 cR and WI-7250 had been mapped to position 93.73 cR. On 
average 1 cR corresponds to -300 kb therefore we have localized the WT 
breakpoint to a region of-60 kb. 

The PAX7 gene, a gene known for its involvement in chromosome 
translocations found in RMSs, was found not to be disturbed by the breakpoint 
in our RMS cells. By FISH analysis we found that clones containing this gene 
hybridized distal to the breakpoint (data not shown). Analysis of the Sanger 
Centre Database learned that the PAX7 gene was contained within the same 
PAC clone as marker D1S2644. According to their radiation hybrid map 
D1S2644 was mapped to position 72.3 cR. This means that the distance 
between PAX7 and the RMS breakpoint is at least 10 cR (corresponding to -3 
megabase (Mb)). D1S2644 was also mapped genetically by Genethon and was 
positioned at 46.2 centimorgan (cM) from the top of the chromosome, which is 
8 cM distal to the RMS breakpoint. 

Chromosome walking experiments in the region of the RMS 
translocation breakpoint did result in the identification of a clone crossing the 
breakpoint. YAC26 was shown by FISH analysis to be located distal to the 
breakpoint. Endclones of YAC26 were isolated. Subsequent screening of the 
PAC library with the endclone from the left arm side of YAC26 resulted in the 
identification of PAC clone A172. This clone hybridized to the correct 
chromosome region. When A172 was used for FISH analysis of the RMS cells 
containing the translocation, fluorescent signals were seen on both 
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Table 1: Overview of all the clones that were selected from several libraries by 
screening with chromosome 1 specific markers or endclones. 

code library identification contains 
marker 

endclones 

YAC5 CEPH YAC library 723E1 D1S449, 
D1S247 

YAC9 55 747G4 D1S470 LEC9.2 + REC9.2 
YAC26 55 777G2 D1S2620, 

D1S482, 
D1S3248, 
D1S2838 

LEC26.1 

YAC27 55 764F1 WI-6811, 
D1S2787, 
D1S2639 

YACY 55 736D1 D1S234 
A17 RPCI1 PAC library 9F19 
A20 93A6 
A22 318G4 A22S 
A39 317E23 WI-8136 
A40 319N24 WI-8136 SA40 + TA40 
A151 230N18 WI-8136 
A172 274C20 
A173 12513 WI-9053 SA173 + TA173 
A174 19C11 WI-9053 
A175 17L17 WI-9053 SA175+TA175 
A186 257L15 
A187 143M8 WI-6306, 

A008H10 
A188 233L3 WI-6306 
A189 50O24 WI-6306 
A190 50P24 WI-6306 SA190 
A191 183B12 FB11D1 
A192 1F13 WI-18360 
A198 158C5 D1S1417 
A200 189116 WI-6811 
A205 110F11 D1S168 
A207 137F5 
PB12 RPCI6 PAC library LLNLP709M17184 D1S1417 PB12S1 
PB14 LLNLP709F2042 WI-6811 
PB15 LLNLP709F09150 PB15S + PB15T 
PB16 LLNLP709I12165 PB16S 
PB17 LLNLP709H12165 
PB18 LLNLP709G2190 WI-7250 PB18S2 
PB19 LLNLP709M19133 WI-7250 PB19S3 
PB21 LLNLP709F1291 PB21S 
PB22 LLNLP709O18221 
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Table 1 : continued 
code library identification contains 

marker 
endclones 

PB23 
» î LLNLP709D19219 

PB25 55 LLNLP709E1460 WI-7250 
PB31 5Ï LLNLP709H2478 
PB50 RPCI4 PAC library dJ643P12 PB50S1A 
PB51 RPCI5 PAC library dJ880I3 PB51S1A 
PB55 RPCI6 PAC library LLNLP709P09198 WI-7250 PB55S 
PB67 3J LLNLP709M04223 PB67S1+ 

PB67T2 
PB70 RPCI3 PAC library dJ426I6 
PB75 RPCI6 PAC library LLNLP709I07141 
PB79 » LLNLP709H20224 
PB80 a LLNLP709G19224 
PB83 » LLNLP709N21185 
C84 chromosome 1 cosmid 

library 
ICRFcll2N1594 274C20 (A172) 

C85 ICRFcll2L1594 274C20 (Al 72) 
C89 ICRFcll2C0886 274C20(A172) 
C90 ICRFcll2K1687 274C20(A172) C90S2 + C90T3 
C91 ICRFcll2C1559 274C20(A172) 
C95 ICRFcll2M0723 274C20(A172) 
C96 ICRFcl 1200923 274C20 (Al 72) 
C97 ICRFcll2J1843 274C20 (Al 72) 
C103 ICRFcl 1200980 274C20 (Al 72) 
C106 ICRFcl 12004105 274C20 (Al 72) 
C121 ICRFcl 12B1978 D1S1255 C121S3 
C197 ICRFcl 12A1954 D1S1348 C197S2 
C202 ICRFcl 12P1084 C202S1+ 

C202T3 

chromosomes 1 and on the der(4) (fig. 2). Therefore clone Al 72 crosses the 
RMS breakpoint.Next, clone Al72 was used to screen a chromosome 1 specific 
cosmid library. This resulted in the isolation of eight true positive cosmid 
clones: C84, C85, C89, C90, C91, C95, C96 and C97. When these clones were 
used for FISH analysis of the RMS cells all but one were found to be proximal 
to the breakpoint. Similar to PAC clone A172 cosmid clone C90 hybridized to 
both sides of the breakpoint and therefore also crosses it (data not shown). 
Having determined the breakpoint, we started a search for genes in this region. 
Exon trapping experiments were performed using A172 and the related 
cosmids. These experiments resulted in the isolation of four exons contained 
within these clones (fig. 3): exon-5b, exon-6d, exon-5 and exon-c96e6. 
Sequence analysis was done for all exons and the results are shown in figure 4. 
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Comparison of the identified 
sequences to several databases 
revealed no matches for exon-6d 
and exon-5. Matches were found 
for the remaining two exons. 
Exon-c96e6 appeared to be 
homologous to part of a histone 
gene (H3.3). Further PCR-
analysis using intronic primers 
from the known H3.3 sequence 
showed that cosmid clone C96 
does not contain the H3.3 intron 
sequence and therefore exon 
c96e6 may be part of a 
pseudogene. Alternatively, this 
exon may be part of a yet 
unidentified gene homologous 
to but different from H3.3. The 
sequence of exon-5b was 
identical to part of the peripheral 
cannabinoid receptor gene 
(CNR2). However, exon-5b was 
not an exon of the CNR2 gene. 
It was trapped in the 
transcriptional orientation 

opposite to that of the CNR2 
gene. The trapped exons were 
also used to screen the 

library and this resulted in the identification of two additional clones in the 
region (C103 and C106). Southern analysis of all the clones in the breakpoint 
region using as probes the trapped exons and several endclones revealed the 
realization of a cosmid contig covering the RMS translocation breakpoint (fig. 
3). As is shown in figure 3, an endclone of YAC26 (LEC26.1) hybridizes to 
clones which were shown by FISH to be located on the proximal side of the 
breakpoint. Therefore YAC26 must also cross the breakpoint. 

Figure 2: FISH of PAC clone A172 and a probe 
for the centromeric region of chromosome 1 to the 
RMS chromosomes. The centromeric probe is 
detected by TRITC (red) and gives an extra signal 
on the long arm of the der(l)t(l;13). A172 is 
detected by FITC (green) and gives a signal on the 
der(l) not involved in the translocation, on the 
der(l)t(l;13) and on the der(4)t(l;4). 
Chromosomes are counterstained with DAPI. 
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Figure 3: Map of 

the RMS breakpoint 

region. The upper 

horizontal line 

indicates PAC clone 

A172 which crosses 

the breakpoint. The 

lower lines represent 

cosmid clones of 

which C90 

also crosses the breakpoint. Exons identified by exontrapping are shown by squares, 

endclones are shown by circles, the breakpoint is shown by an arrow. 
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clone 5b 
CAGGAAGACAGCCTTGGAAT CCACACCATG GAAAACATGG 
AAATTCACAA AGCTGCATGC AAAGACCACA CTGGCCAGGA 
AGTCAGCCCC AGCCAAGCTG CCAATGAACA G 

clone 6d 
ATCGGTAAAA AAGTAAGGCT GACAATACTG AGTGCTGGAG 
AAGGCGTGGA GCCAAAAGAA CTCTCATTGC GATGGGGGTG 
TAAGTTGACA CAGACACTTT GAAGAGCAGCTTGGCAAAAT 
CTGGTGAAGT TGACGATACA TCAATTGCAG TCCCGGGAAT 
ACGTTCTGGA GGAACTCCTG CAG 

clone 5 
GCTGCGTTTC AGATGCCATC ACATGGACAA CCCGAGAACC 
TGCGCTGGGG AGGAAATTGG AGGGATATCA TATGAATATG 
GCCGGCTTCT CTCCTCCCAC CCCAAATTGA GCAGTCCAAT 
CCAGTCTTGT GAGGTGTCTA CTCTGTGCCA AGACCCTGAC 
GCTCTAGCCC TTGGCCCAG 

c96e6 
CCGCCGCCGC TCCACTGTCA CTCTCCAAGG CCAGCGCCAC 
CTCTCACTCA CCGAGCTCCA GCCGAAGGAGAAGGGGG 

Figure 4: Sequence of exons in the RMS breakpoint region identified by exon trapping. 

DISCUSSION 

It is evident that chromosome 1 often displays abnormalities in human 
neoplasms (Olah et al., 1989; 31; Mitelman, 1983; Mitelman et al., 1981). 
Deletions of chromosome 1 are mostly found in region lp35-36 (Weith et al., 
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1995). It seems likely that the short arm of chromosome 1 harbors several genes 
involved in tumorigenesis. This may also be concluded from our study, since 
we were able to determine that a translocation breakpoint found in RMS cells 
was separated from a translocation breakpoint found in WT cells by at least 875 
kb. This makes it unlikely, though not impossible, that both breakpoints disrupt 
the same gene. An alternative hypothesis is that both breakpoints disturb the 
cis-regulation of one gene located either proximal or distal to both breakpoints. 

The RMS cells studied in these experiments contain a translocation 
involving chromosomes 1 and 13. A 100% frequency was recorded for the 
presence of der(l)t(l;13), der(l), der(4), and +del(13). These aberrations also 
characterized the hypo- and quasidiploid cells of a hyperdiploid rumor. 
Therefore it was suggested that these abnormalities taken together might have a 
significant role in the genesis of the tumor (Magnani et al., 1991). The 
occurrence of a t(l;13)(p36;ql4) is not an uncommon finding in RMS (Biegel et 
al., 1991; Douglass et al., 1991). It has been described that this translocation 
results in the formation of a chimeric protein consisting of part of the PAX7 
gene on chromosome 1 and the FKHR gene on chromosome 13 (Davis et al., 
1994). Although the translocation breakpoint on chromosome 13 was different 
in our case (at 13q22), we did analyze whether the PAX7 gene was disrupted. 
We found that the PAX7 gene was not disrupted by the translocation and that 
the breakpoint was proximal to this gene (data not shown). This implies that we 
identified a novel region involved in the etiology of RMS. Disruption of the 
PAX7 gene is mostly associated with the alveolar subtype of RMS 
(Sreekantaiah et al., 1994), whereas the tumorcells we studied were from an 
embryonal RMS. A PAC clone (A 172) crossing the RMS breakpoint was 
identified. We determined by exon trapping experiments that the CNR2 gene is 
located on this clone. CNR2 encodes a hematopoietic receptor that belongs to 
the class of seven-transmembrane G-protein-coupled receptors. Experiments in 
murine myeloid cells showed that Cnr2 was located in a common virus 
integration site (Valk et al., 1997a). Aberrant expression of Cnr2 was noted in 
the resulting leukemic cells. In a normal situation CNR2 is mainly expressed in 
immune tissues (Galiegue et al., 1995). The gene was hypothesized to function 
as a proto-oncogene in leukemogenesis (Valk et al., 1997b; Deiwel et al., 
1996b). Involvement of CNR2 in other types of cancer has not yet been 
reported. Since the exon that was trapped in our experiments (exon-5b) has a 
transcriptional orientation opposite to CNR2 it is also possible that this exon is 
part of a yet unidentified gene antisense to CNR2. Further analysis of the exons 
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found in the RMS breakpoint region should determine whether they may play a 
role in RMS-tumorigenesis. 
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SUMMARY 

The Beckwith-Wiedemann syndrome (BWS) is a syndrome which occurs 
with a frequency of 1:13,700. It is characterized by several features, of which 
the most striking is pre- and postnatal gigantism. In addition, BWS patients 
have a risk of 7.5% of developing certain solid childhood tumors. Tumors that 
are most frequently found in these patients are Wilms tumor (WT), 
adrenocortical carcinoma (ACC), rhabdomyosarcoma (RMS) and 
hepatoblastoma (HB). Genetic analyses of BWS patients showed that the 
disease cosegregates with chromosome region llpl5. In addition, structural 
abnormalities involving l ip 15 have been described. Therefore, BWS patients 
may have a genetic defect located on this chromosome region. Since several 
childhood tumors occur with an increased frequency in BWS patients it is 
believed that these tumors develop because of the same genetic defect. Indeed it 
has been shown for all the tumors mentioned above that, when they occur 
sporadically, they also demonstrate chromosome lip abnormalities. Thus, a 
common genetic pathway may be involved in the etiology of these tumors. 

This thesis deals with the identification of genetic aberrations in BWS 
associated tumors when occurring sporadically. Two genes are analyzed in a 
series of WTs: The Insulin-like growth factor 2 gene (IGF2) and the HI9 gene. 
Both genes are located on chromosome 1 lpl5 and both are imprinted. IGF2 is 
only expressed from the paternal allele, whereas HI9 is only expressed from the 
maternal allele. IGF2 is a growth-promoting gene, whereas HI9 may function in 
the maintenance of the imprinting-status of IGF2. It had already been shown 
that these genes display loss of imprinting (LOI) in WTs. In our analysis we 
determined both the level of expression of these genes and the methylation 
status of the H19 promoter. We found that LOI of IGF2 is linked to reduced 
expression and hypermethylation of H19. 

Next, to detect all quantitative chromosome aberrations, we analyzed a 
series of WTs and HBs using comparative genomic hybridization (CGH). The 
results of the CGH analysis of the WTs corresponded well to data obtained 
using other techniques. In addition we found loss of chromosome 4q. 
Comparison of the results of CGH analysis of WTs and HBs revealed several 
common quantitative chromosome abnormalities occurring in a high percentage 
in both tumor-types. When including data from a CGH analysis of RMSs from 
the literature it became evident that gains of chromosome regions 7q, 8q and 
17q are frequent in all three BWS associated tumor-types. 
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Finally we focused on a region on chromosome 1. We showed by loss of 
heterozygosity (LOH) analysis that 18% of informative WTs had become 
homo- or hemizygous for lp35-36. Since this region is known to be affected in 
several BWS associated tumors we sought to determine the precise location of 
the genetic defect. For this purpose we analyzed cells from a WT and cells from 
a RMS which contained chromosome translocations involving region lp35-36. 
We found that both breakpoints are not identical but are separated by at least 
875 kb. This finding makes it unlikely that one gene is disrupted by both 
translocations. It is however still possible that both breakpoints disturb the 
regulation of the same gene. Furthermore we established that the translocation 
breakpoint in the RMS cells was located proximal to the PAX7 gene. This gene 
is involved in most, if not all, translocations in RMS cells affecting lp36 
studied to date. Our data provide the first evidence for the presence of an 
additional gene on lp35-36 involved in the etiology of RMS. 
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SAMENVATTING 

Het Beckwith-Wiedemann syndroom (BWS) is een aandoening die 
voorkomt met een frequentie van 1:13.700. BWS patiënten vertonen een groot 
aantal verschillende klinische kenmerken. Het meest opvallend is pre- en 
postnataal gigantisme. Naast deze fenotypische kenmerken hebben de patiënten 
een risico van 7,5% op het ontwikkelen van solide kinder-tumoren. Tumoren 
die het meest frequent bij deze patiënten gevonden worden zijn Wilms tumor 
(WT), adrenocorticaal carcinoom (ACC), rhabdomyosarcoom (RMS) en 
hepatoblastoom (HB). Genetische studies van BWS patiënten hebben 
aangetoond dat de ziekte overerft met markers op chromosoom lip 15. Er zijn 
ook structurele afwijkingen van l ip 15 beschreven. Het BWS wordt dus 
veroorzaakt door een genetisch defect in dit chromosomale gebied. Aangezien 
verscheidene kinder-tumoren met een verhoogde frequentie voorkomen in BWS 
patiënten wordt aangenomen dat het ontstaan van deze tumoren wordt 
veroorzaakt door hetzelfde genetische defect. Het is inderdaad gevonden dat, 
wanneer deze tumoren sporadisch voorkomen, zij ook afwijkingen van l ip 
laten zien. Dit wijst op een gemeenschappelijke genetische achtergrond in de 
ontwikkeling van al deze tumoren. 

In dit proefschrift worden verschillende BWS geassocieerde tumoren 
onderzocht op genetische afwijkingen. In een serie Wilms tumoren worden twee 
specifieke genen geanalyseerd: Het "Insulin-like growth factor 2" gen (IGF2) 
en het H19 gen. Beide genen liggen op chromosoom lip 15 en beiden zijn 
geïmprint. Van IGF2 komt alleen het paternale allel tot expressie en van Hl9 
alleen het maternale allel. IGF2 codeert voor een groeifactor, terwijl H19 een 
functie heeft in de handhaving van de imprinting status van IGF2. Eerder was al 
aangetoond dat beide genen hun imprint kunnen verliezen in Wilms tumoren. In 
onze studie hebben we het expressie-niveau van beide genen en de mate van 
methylering van de Hl9 promoter bepaald. We vonden dat het verlies van 
IGF2-imprinting gekoppeld is aan verminderde expressie en hypermefhylering 
van Hl9. 

Vervolgens hebben we een serie Wilms tumoren en hepatoblastomen 
geanalyseerd met "comparative genomic hybridization" (CGH) om alle 
kwantitatieve chromosoom afwijkingen in kaart te brengen. De resultaten die 
we verkregen met CGH analyse van de Wilms tumoren kwamen goed overeen 
met gegevens die wij en anderen m.b.v. conventionele technieken vonden. Een 
nieuwe afwijking die we vonden was verlies van de lange arm van chromosoom 
4. Na vergelijking van de CGH resultaten van de Wilms tumoren en de 
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hepatoblastomen werden verschillende overeenkomsten gevonden. Wanneer 
ook gepubliceerde data van CGH analyse van rhabdomyosarcomen worden 
meegenomen in deze vergelijking, blijkt dat duplicaties van chromosoom armen 
7q, 8q en 17q met verhoogde frequentie voorkomen in al deze drie BWS 
geassocieerde tumoren. 

Tenslotte hebben we onze aandacht gericht op chromosoom 1. We 
hebben aangetoond, met behulp van verlies van heterozygotie analyse, dat 18% 
van de informatieve Wilms tumoren homo- of hemizygoot zijn geworden voor 
lp35-36. Aangezien dit chromosoom gebied afwijkingen vertoont in 
verscheidene BWS geassocieerde tumoren, wilden we de precieze lokatie van 
het genetische defect bepalen. Voor dit doel maakten we gebruik van cellen van 
een RMS en cellen van een WT die beiden chromosomale translokaties bevatten 
waarbij lp35-36 betrokken is. We vonden dat deze beide breukpunten niet 
identiek, maar van elkaar gescheiden zijn door minimaal 875 kb. Dit feit maakt 
het onwaarschijnlijk dat één gen geraakt wordt door beide breukpunten. Het is 
echter wel mogelijk dat deze breukpunten beiden de regulatie van eenzelfde gen 
verstoren. We toonden ook aan dat de lokatie van het translokatie breukpunt in 
de RMS cellen proximaal van PAX7 is. Dit gen is betrokken bij de meeste, 
zoniet alle, beschreven translokaties in RMS cellen waarbij lp36 is betrokken. 
Onze resultaten vormen de eerste aanwijzing voor de aanwezigheid van 
meerdere genen in lp35-36, betrokken bij de etiologie van RMS. 
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